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ABSTRACT 
 
 Knowledge of fish habitat use and connectivity is critical for understanding the structure 
and dynamics of fish populations and, therefore, necessary for the implementation of successful 
fisheries management strategies. Tagging is an effective means of providing such information, and 
the elemental composition contained within fish otoliths is increasingly being used as a natural 
tag. The chemical composition of otoliths reflects the incorporation of elements from different 
water bodies and can thus be used to understand the habitat use, movements, and life history 
patterns of fishes. To assess the applicability of otolith elemental composition as a tagging 
technique within the Tampa Bay estuary, Florida, laser ablation-inductively coupled-plasma mass 
spectrometry (LA-ICP-MS) was used to analyze the elemental composition of otoliths from two 
estuarine-dependent fish species, Snook (Centropomus undecimalis) and Red Drum (Sciaenops 
ocellatus). 
 Otolith elemental fingerprints can be used to quantify the proportion of juveniles from 
different nurseries that survive to join the sub-adult and adult fisheries, thus, providing resource 
managers with quantitative criteria to prioritize the most productive areas for conservation and 
restoration. To evaluate the use of otolith elemental fingerprinting in the Tampa Bay estuary, the 
spatial and temporal scales of chemical variation in otoliths collected from throughout Tampa Bay 
were examined by performing permutation-based multivariate analyses of variance (MANOVA) on 
the elemental data at several spatial (individual tributary, two-region, and three-region) and 
xii 
 
temporal (annual and seasonal) scales. Canonical Analysis of Principal Coordinates (CAP) was 
used to generate classifiers based on the otolith elemental fingerprints of juvenile fish, and ‘leave-
one-out’ cross-validation procedures indicated that the greatest classification accuracy was obtained 
by using the two-region model (upper vs. lower Tampa Bay) for both species (for Snook F=45.8, 
p=0.001, CAP cross-validation success=76%; for Red Drum F=9.7, p=0.001, CAP cross-validation 
success=87%). For both species, all temporal analyses at the inter-annual scale indicated that 
otolith elemental fingerprints were significantly different across years (two-way MANOVA; 
p<0.05). The lack of significance for the site-by-year interaction term for all models, except the two-
region model for Snook, indicated that the degree of variation between sites was consistent across 
years, and that samples could potentially be pooled across years. However, in all cases, combining 
cohorts weakened the classifiers; therefore, classification models for both species were based on the 
elemental fingerprints of juveniles from a single cohort (2007 cohort for Snook and 2008 cohort 
for Red Drum). Seasonal differences in the elemental composition of Snook otoliths were not 
found for the elements that contributed to the discrimination between groups in the spatial 
models, except for a single element, manganese (ANOVA; p=0.051). Insufficient sample sizes of 
juvenile Red Drum across seasons precluded inter-seasonal tests for this species. 
 Several environmental factors which may have contributed to the regional differences in 
otolith chemistry were examined, including physico-chemical parameters (surface measurements of 
salinity, dissolved oxygen, pH, and temperature taken at the time of sample collection), surficial 
geologic stratigraphy, and land development. Weak, but significant correlations were identified 
between some elements and physico-chemical parameters; however, instantaneous measurements 
taken at the time of fish collection may not have provided an accurate representation of the overall 
xiii 
 
conditions experienced by the fish during the period in which the otolith material used in analyses 
had been deposited (2 - 4 weeks). A significant correlation between latitude and otolith Sr/Ca was 
found, likely corresponding to an increasing ambient gradient that occurs from the upper to lower 
bay (for Red Drum F=77.1, p=0.001; for Snook F=69.2, p=0.001). The Land Development 
Intensity metric was negatively correlated with otolith Li/Ca and Sr/Ca.  While surficial geologic 
inputs may have also contributed to the elemental composition of otoliths, the relationships 
revealed by redundancy analyses (RDA) were somewhat unclear or contradictory. 
 Once the appropriate chemical characterization of the study area was identified (the two-
region models for both species), elemental fingerprints from the core portions of sub-adult and 
adult otoliths were assigned to their most probable juvenile habitat region using a maximum 
likelihood estimator based on the posterior probabilities generated by CAP analyses (CAP-MLE). 
Application of the two-region model revealed that the majority of Red Drum (83%) was 
determined to have originated from juvenile habitats in the upper Tampa Bay region, while most 
Snook (60%) originated from juvenile habitats in the lower Tampa Bay region. The majority of 
sub-adult/adult Snook and Red Drum were collected from the same region in which they were 
determined to have originated (for Snook, 36 out of 55 = 65%; for Red Drum, 58 out of 78 = 
74%), indicating some level of site fidelity to juvenile habitat areas. 
 The use of otolith elemental profiling to reconstruct specific environmental and 
physiological experiences has the potential to provide unique insights regarding the life histories of 
Snook, a species with unpredictable spawning and movement characteristics. Otoliths from Snook 
maintained in captivity at the Mote Aquaculture Park (MAP) were analyzed to elucidate the degree 
to which various factors, including otolith growth (macrostructure features), spawning events, 
xiv 
 
handling stress, and salinity influence otolith chemistry. Cross-correlation analyses of otolith 
elemental profiles and quantified macrostructure features (including annuli and checks) 
demonstrated that interpretations of elemental patterns should not be confounded by changes 
associated with otolith crystallography. An elemental marker for known spawning events was not 
identified (ANOVA spawners vs. non-spawners, p>0.05); however, because the physiological costs 
and alterations in blood chemistry associated with gonadal maturation (rather than the singular act 
of spawning) could affect otolith chemistry, additional studies which more thoroughly track 
maturation stages may be able to identify a suite of elements that can be used to discern the 
reproductive histories of Snook. Significantly elevated Zn:Ca (ANOVA: F=5.64, p=0.012) and 
decreased Fe:Ca (ANOVA: F=25.02, p<0.001) were observed in otolith elemental profiles of 
Snook exposed to higher levels of handling stress, indicating that these elements may be useful for 
retrospectively identifying stressful periods within a fish’s life. Despite the Snook having been 
maintained in a constant, high salinity environment within the MAP tanks, the magnitudes and 
variations of otolith Sr:Ca observed in otolith profiles were much larger than those observed in 
wild otoliths, warranting caution in the sole use of this element for reconstructing salinity histories 
of Snook, and perhaps other species. In contrast, otolith Ba:Ca remained low and stable, despite 
exposure to various physiological perturbations, and may provide a very useful indicator of the 
occupation of low salinity habitats. 
 Continuous life history Ba:Ca and Sr:Ca profiles of 56 wild Snook collected from 
throughout Tampa Bay revealed significant plasticity in the types of juvenile habitats settled, as 
well as in the timing of ontogenetic movements from these habitats. Of the profiles examined, 
55% exhibited otolith core signatures characterized by an opposing Sr:Ca and Ba:Ca pattern, 
xv 
 
followed by an inverted pattern, providing an indicator of the movement of larvae from high 
salinity, pre-settlement environments into mesohaline, tidally-influenced juvenile habitats. In 
contrast, nearly half (45%) the Sr:Ca and Ba:Ca profiles indicated settlement in higher salinity 
environments, suggesting a high degree of habitat plasticity for juveniles of this species. For fish 
that settled into mesohaline habitats, decreases in Ba:Ca and/or increases in Sr:Ca over the first 
several years of life signaled the ontogenetic transition out of the juvenile habitat, with the timing 
of emergence ranging from within the first year to age-3. Because conditions during early life may 
propagate into divergent behaviors in subsequent life stages, information on the experiences of 
early life and juvenile stages could help to inform whether the occupation of different juvenile 
habitat types, or the precocious or delayed emergence from those habitats, explain the peculiar 
spawning and movement habits that occur in this species. 
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CHAPTER ONE: 
A BRIEF INTRODUCTION TO THE IMPORTANCE OF ESTUARINE HABITAT FOR 
COMMON SNOOK (CENTROPOMUS UNDECIMALIS) AND RED DRUM (SCIAENOPS 
OCELLATUS) IN THE TAMPA BAY ESTUARY AND THE POTENTIAL FOR USING 
OTOLITH ELEMENTAL COMPOSITION AS AN INVESTIGATIVE TOOL  
 
Diverse and Changing Habitats Used by Estuarine Fishes in Tampa Bay: 
 Understanding the habitat use patterns and connectivity of fishes is necessary for the 
effective management of fisheries and their supporting ecosystems. The need for such information 
is especially urgent, as increasing coastal development necessitates the prioritization of the habitat 
areas and features that would provide the greatest return if conserved or restored. Indeed, the role 
of habitat quality and quantity in sustaining fish populations has become fundamental to fisheries 
management efforts in recent decades to the extent that the U.S. government has mandated the 
identification and protection of essential fish habitat (EFH) for federally managed species, where 
EFH is described as ‘those waters and substrate necessary to fish for spawning, breeding, feeding, 
or growth to maturity’ (NOAA 1996). Loss of estuarine habitat in the form of structural 
degradation, removal, or impoundment, as well as natural and anthropogenic conditions that 
exclude fishes, such as altered freshwater drainage regimes, harmful algal blooms, and 
eutrophication, have been identified as some of the greatest threats to sustaining global fish 
populations (Wilcove et al. 1998; Beck et al. 2001; Kennish 2002; Gedan et al. 2009).  
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 As with most of the nation’s estuaries, coastal shorelines in Tampa Bay, Florida have 
undergone extensive development, and much of the natural habitat utilized by fishes has been 
substantially altered within recent decades (Lewis and Estevez 1988; Xian et al. 2007). Currently, 
areas along the northern and western shorelines within the bay are highly urbanized and 
dominated by residential, commercial, and industrial land uses, while the less-developed coastal 
areas of the southeastern shoreline consist more of natural, residential and agricultural land uses 
(Xian et al. 2007). Expanded shipping, phosphate mining, agriculture, and residential 
development continue to encroach upon the remaining coastal fish habitats, particularly in the 
southeastern region of the bay, and the impact this will have on species that rely on these habitats 
for all or part of their life cycle has not been adequately assessed. Because the Tampa Bay estuary is 
located near the boundary between the warm-temperate and tropical biogeographic zones, it 
harbors a high diversity of flora and fauna (Lewis and Estevez 1988), and many of these species rely 
on the oligohaline ecosystems that occur downstream of the confluence of estuarine tributaries 
with tidal waters. 
 More than one hundred rivers and creeks contribute around 160-294 million cubic feet of 
fresh water to Tampa Bay each day (Lewis and Robison 1996; Yates et al. 2011). Salinities range 
from 0 ppt in the upper bay to 36 ppt at the mouth of the bay, and this gradient promotes a 
baroclinic circulation pattern whereby denser, saline waters flow landward along the bottom and 
fresh waters flow seaward along the surface (Weisberg and Zheng 2006; Meyers et al. 2007). Along 
with lower salinities, the secondary embayments in the upper region of the bay (Hillsborough Bay 
and Old Tampa Bay) also experience less flushing, more retention of organic matter, and thus 
more primary and secondary productivity than the more extensively flushed lower reaches of the 
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bay (Lewis and Estevez 1988). In the past, Tampa Bay shorelines were primarily covered by marsh 
and forest habitat; however, present and future conditions allow for the predominance of 
mangroves (Raabe et al. 2012). The current distribution of wetland habitats throughout the bay is 
such that marsh and mangrove vegetation is slightly less abundant in the upper reaches of the bay 
(ca. 43% and 44%, respectively) (data compiled from shapefiles generated by FWC-FWRI 1999-
2008; FWC-FWRI 1999-2011).   
 For many species, fundamental distinctions in environmental characteristics and 
anthropogenic modifications across an estuarine setting likely result in either the disproportionate 
use of habitats throughout the estuary during the juvenile life stage, or a differential degree of 
successful juvenile recruitment to sub-adult and adult populations (Blaber and Blaber 1980; 
Weinstein et al. 1980; Able et al. 1999; Karlen 2009). Identifying the juvenile habitat areas that 
contribute disproportionately to the sub-adult and adult populations could provide quantitative 
criteria for the prioritization of these areas and their features for conservation efforts (Beck et al. 
2001; Dahlgren et al. 2006).  
 Efforts to obtain information on the use and value of fish habitats in Tampa Bay have 
increased with the understanding that these areas are vital to the growth, condition, and survival of 
many estuarine-dependent species leading to the success of fish populations in general (TBNEP 
1992; Krebs et al. 2007; Greenwood et al. 2008a and b). Recently, a study by Greenwood et al. 
(2008a and b) compared tidal tributary nekton communities and found that differences in 
community structure varied between creeks, between months, and to a lesser extent, between 
adjacent habitats. Physico-chemical parameters such as pH, temperature, and salinity were 
correlated with differences in community structure, and benthic microalgae was determined to be 
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the principal source of primary production supporting trophic networks among creeks. Overall, 
the study highlighted several important factors that may improve the survival and success of fishes, 
including the maintenance or restoration of natural hydrologic regimes within tidal tributary 
watersheds and availability of habitats that provide both static and dynamic habitats for all life 
stages of a species. With respect to this latter observation, there is a clear need for more 
information regarding the use of habitats throughout the entire life history of fishes, especially for 
those species that are believed to move between habitats seasonally or during sequential 
ontogenetic transitions. With a growing understanding of the role that fish juvenile habitats play 
in sustaining economically and ecologically important populations, increasing attention is being 
focused on tidal tributary and backwater habitats used by both the Red Drum and Snook during 
some portion of their juvenile period (Peters and McMichael 1987; McMichael et al. 1989; Stevens 
2007; Greenwood et al. 2008a and b).  
 
Exploitation of Red Drum and Common Snook in Florida: 
 Two of the most economically and ecologically important species that occur within Tampa 
Bay, and which are the focus of this study, are the Common Snook (Centropomus undecimalis) and 
the Red Drum (Sciaenops ocellatus). Both species have long endured extensive exploitation by the 
commercial and recreational fishing sectors to the extent that regulatory measures have been 
enacted in recent decades to conserve their stocks in Florida waters. The Red Drum fishery in 
Tampa Bay consists primarily of juveniles and immature sub-adults (age 1-3). After reaching sexual 
maturity (age 3-6; Murphy 1990), the majority of these individuals migrate to nearshore habitats to 
join schools of other reproductively mature Red Drum. Intense fishing of the juvenile and sub-
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adult Red Drum prior to the mid-1980s resulted in the severe depletion of spawning biomass in 
nearshore waters. In response, the Florida Red Drum fishery was closed to all fishing from 1986-
1988 to allow stocks to rebuild, and upon re-opening the fishery to the recreational sector in 1989, 
seasonal closures and size and bag limits were imposed. Populations recovered following these 
management actions, presumably due to a decrease in fishing mortality (Murphy and Crabtree 
2001), and the most recent stock assessment (through 2007) indicates Red Drum populations on 
the Gulf coast exceeded the specified target escapement rate of 30% through age four, with a 37% 
average escapement rate between 2005 and 2007, and juvenile recruitment has remained stable 
(Murphy and Munyandorero 2009). 
 The Common Snook (hereafter, ‘Snook’) fishery also has a history of strong exploitation. 
Prior to the Second World War, Snook were considered only suitable for fertilizer and cat food 
(Taylor 2000). However, war time rationing led to increased consumption of alternative sources of 
protein, and by 1948 commercial landings were at more than 800,000 pounds per year (Taylor 
2000; Muller and Taylor 2012). Declines in Snook abundance in the mid-1950’s led to a state-
legislated ban on commercial harvest in 1957. Since then, only recreational harvest of Snook has 
been allowed, and increasingly restrictive seasonal closures and size and bag limits have been 
mandated (Muller and Taylor 2012). According to the most recent stock assessment, Snook on the 
Gulf coast surpassed the management goal of 40% spawning potential ratio (SPR) (Muller and 
Taylor 2013). However, because natural mortality caused by an extreme cold event in January, 
2010 was not reflected in the SPR models and the effects of the cold event have not yet been 
revealed in the adult population, the current status of Snook remains unclear (Muller and Taylor 
2012).  
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Red Drum Distribution and Life History: 
 The Red Drum is an estuarine-dependent species distributed throughout coastal 
environments from northern Mexico to Massachusetts (Yokel 1966). In Florida, two weakly 
divergent populations have been identified on the Gulf and Atlantic coasts using mitochondrial 
DNA analyses, with the genetic transition occurring between Sarasota Bay and the Mosquito 
Lagoon (Seyoum et al. 2000). In the Tampa Bay region, Red Drum aggregate near inlets and passes 
or over nearshore continental shelf waters, and spawning occurs over a relatively discrete period 
(mid-August through November, peaking in September and October; Peters and McMichael 
1987). Upon fertilization, eggs hatch within approximately 24 hours and developing larvae 
disperse to low-salinity tidal tributaries and other backwater areas in the middle and upper reaches 
of the estuary away from inlets and passes (Peters and McMichael 1987; FDEP-FMRI 1996). While 
spawning is generally believed to occur near the mouth of the bay or in nearshore waters where 
conditions are ideal for egg viability (salinities of 25-30ppt, temperatures of ~20 deg C; Holt et al. 
1981), there has also been evidence of Red Drum spawning within Tampa Bay (Murphy 1990) and 
within the Mosquito-Indian River Lagoon complex on the Atlantic coast (Johnson and Funicelli 
1991). However, lengths at 50% sexual maturity for Red Drum are 529mm FL for males and 
825mm FL for females (Murphy 1990), and Red Drum >700mm SL are rarely found within 
Tampa Bay (FWC-FWRI 2012), suggesting that spawning in inshore waters occurs infrequently. 
The predominance of spawning in nearshore coastal waters and near inlets and passes is also 
supported by work conducted by Peters and McMichael (1987), which revealed that the smallest 
larvae (<3mm) were present at the mouth of the bay, with larval lengths increasing with distance 
up-estuary. With the large majority of Red Drum larvae originating from nearshore or bay-mouth 
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waters, dispersal of larvae is likely to be heavily reliant on estuary-scale circulation patterns, but 
selective tidal stream transport has also been proposed as a possible means of active dispersal of 
larval Red Drum (Holt et al. 1989). Larvae settle out along bay shorelines and move into backwater 
areas at approximately 8 mm SL (~2 weeks old) and, once settled, remain in these habitats for the 
first 3-6 months of their lives, becoming more broadly dispersed and often forming aggregations 
on seagrass and oyster beds as larger juveniles (Peters and McMichael 1987). Juveniles have been 
predominantly collected from the middle and upper reaches of the bay compared to the lower bay, 
and are strongly influenced by the availability of low-salinity habitats (Peters and McMichael 1987; 
FDEP-FMRI 1996). 
 
Common Snook Distribution and Life History: 
 The Snook is a euryhaline fish that inhabits estuarine, riverine, and nearshore habitats 
throughout the tropical Western Atlantic, including the Caribbean Sea and much of the Gulf of 
Mexico. The range of Snook is limited to the north (South Carolina) and south (Brazil) by winter 
isotherms of 15°C (Shafland and Foote 1983; Howells et al. 1990) and within the eastern Gulf of 
Mexico, Tampa Bay generally serves as the species’ northern thermal limit. Along the Florida coast, 
Gulf and Atlantic Snook stocks are genetically distinct and are managed separately (Tringali et al. 
2008). Snook are protandrous hermaphrodites, beginning life as males, becoming sexually mature 
at age 1 (~200mm SL), with the average transition to female occurring at approximately 5.1 years 
(~680mm SL; 50% are females at this age; Taylor et al. 2000). Transition to female is highly 
variable, as some of the largest captured individuals have remained male throughout their lives. 
The spawning season is protracted (May-December, peaking in July and September; McMichael et 
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al. 1989), and spawning occurs in areas that have sufficiently high salinities (>25ppt) to promote 
buoyancy and fertilization of eggs (Ager et al. 1976; Taylor et al. 1998) while also promoting egg 
and larval connectivity that will support recruitment to habitats at later stages. Previous research 
on Snook spawning activity found that prime spawning locations in Tampa Bay were generally 
near major inlets as well as passes to secondary embayments within the bay that tended to be 1) 
swept with strong currents, 2) near structure or formations such as sand pits, mangroves, boulders, 
or fallen trees, 3) near grass flats, and 4) close to deep (>2m) water (Taylor et al. 1998). Recent 
evidence suggests that in at least some areas of the bay, Snook spawning is oriented near vegetated 
shorelines, such as mangrove fringe, such that eggs and larvae are delivered very close to suitable 
juvenile habitats, effectively circumventing the potentially lengthy and energy-expensive pelagic 
transport of late stage larvae (Burghart et al. 2014). Eggs hatch into larvae after approximately 24 
hours, after which they are believed to disperse to shoreline and backwater areas with calm waters, 
gently sloping mud-sand substrate, and overhanging vegetation (McMichael et al. 1989; Peters 
1998; Greenwood et al. 2008a). Juvenile Snook remain in these habitats for their first year, with 
home ranges that are initially highly restricted, but that expand during ontogenetic shifts to 
habitats with increased dissolved oxygen and larger prey items (McMichael et al. 1989; Peterson 
and Gilmore 1991; Peters 1998; Stevens 2007; Barbour and Adams 2012). 
 
Otolith Elemental Composition as an Investigative Tool: 
 Techniques for gaining information on the life histories and population dynamics of 
Snook and Red Drum have included surveys and monitoring of the distribution and abundance of 
various life stages (Peters and McMichael 1987; McMichael et al. 1989; Winner et al. 2010), 
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artificial tagging and acoustic telemetry (Lowerre-Barbieri et al. 2003; Marcinkiewicz 2007; Adams 
et al. 2009; Barbour and Adams 2012; Trotter et al. 2012), lab experiments on the influence of 
specific conditions on physiological function and survivability (Ager et al. 1976; Holt et al. 1981; 
Peterson and Gilmore 1991), and genetic analyses (Seyoum et al. 2000; Tringali et al. 2008). These 
tools have afforded invaluable insights, yet, many ecological aspects of Snook and Red Drum life 
history and ecology require further investigation, particularly those pertaining to the habitat use, 
movements, and response to various life history events (e.g., spawning, stress, etc.). 
 Otoliths have become prominent as a means of chemically tracking the environments and 
events experienced throughout a fish’s life (Campana et al. 2000; Campana and Thorrold 2001; 
Begg et al. 2005; Elsdon et al. 2008; Walther and Limburg 2012), and may provide an appropriate 
tool for investigations pertaining to the habitat use and connectivity of Snook and Red Drum. Due 
to their permanent and chronological accretion of material, otoliths serve as a natural tag reflecting 
exposure to ambient water chemistry or physiological responses to changing conditions (Campana 
1999; Elsdon et al. 2008). Otoliths are primarily aragonitic structures that occur in bony fishes 
(chondrosteans, holosteans, and teleosts). They are formed by the circadian deposition of 
concentric layers of calcium carbonate (CaCO3) and proteinaceous material (Degens et al. 1969). 
As otoliths grow by continually adding new layers of calcium carbonate, trace and minor elements 
are also incorporated into the otolith material. With advancements in Inductively Coupled 
Plasma-Mass Spectrometry (ICP-MS) in recent years, allowing for the rapid and high-precision 
measurement of trace elements, researchers have been able to detect lower concentrations of trace 
and minor elements within otoliths. In addition, advances in laser ablation (LA) technology have 
allowed for the measurement of elements at discrete regions within solid materials, enabling 
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researchers to more precisely assess the elemental composition corresponding with specific time 
periods during the fish’s life history. 
 Many natural and anthropogenic sources can potentially contribute to otolith elemental 
composition, including both intrinsic (i.e., physiological) and extrinsic factors (e.g., salinity 
gradients, surficial geology, and anthropogenic pollutants) (Kalish 1989; Campana 1999; Humston 
and Harbor 2006; Palace et al. 2007; Friedrich and Halden 2008; Chittaro et al. 2009; Phillis et al. 
2011; Walther et al. 2011). Previous studies examining otolith elemental composition have 
benefitted from analyzing elements that directly substitute for calcium in the crystal matrix and 
that have been shown to reflect ambient water concentrations, such as Sr and Ba (Campana 1999; 
Bath et al. 2000; Wells et al. 2000; Walther and Thorrold 2006), as well as those that may vary 
geographically due to geologic or anthropogenic sources, such as Sr, Ba, Mg, Mn, Zn, Cd, Pb, V, 
Ni, and Cs (Humston and Harbor 2006; Halden and Friedrich 2008; Ranaldi and Gagnon 2008; 
Ranaldi and Gagnon 2009; Ranaldi and Gagnon 2010; Nowling et al. 2011). 
 Otolith Elemental Fingerprints. Given the unique chronological bio-mineralization 
properties of otoliths, scientists have used age-specific variations in otolith chemistry, or otolith 
elemental fingerprints, to delineate fish stocks, understand fish movements, and estimate the 
habitat origins of adult fishes (Campana et al. 1994; Elsdon et al. 2008; Chittaro et al. 2009; 
Chittaro et al. 2010; Albuquerque et al. 2012). This latter application has been used to assess the 
relative importance of juvenile habitat areas, which has been a valuable tool in fisheries science 
because monitoring habitat transitions from the juvenile to the adult life stage has traditionally 
been difficult due to the inefficiency of other tagging methods (i.e., high mortality rates, low re-
capture rates, and high cost). Understanding the specific habitat types or locations that act as 
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sources or sinks for juveniles recruiting to the fishery provides quantitative information that can be 
used by resource managers to prioritize conservation (Pulliam 1988; Pulliam and Danielson 1991; 
Beck et al. 2001; Dahlgren et al. 2006). 
 The basis for the application of otolith elemental fingerprinting lies in there being 
geographic distinctions in the physicochemical conditions of the water bodies utilized by a 
particular species, and that ambient elemental concentrations are proportionally deposited in the 
otolith in a permanent, chronological manner that reflects the environments occupied at various 
life stages (Gillanders and Kingsford 2000; Elsdon et al. 2008). The spatial resolution of habitat 
discrimination achievable with otolith elemental fingerprinting depends on the mixing of water 
masses, as well as the movements of fish between water masses. Areas with less hydrological mixing 
and species that exhibit high site fidelity (little movement) will most likely demonstrate more 
distinct ambient chemistries and more distinct otolith elemental fingerprints. For example, Lara et 
al. (2008) were able to use eight elements within the otoliths of Gray Snapper (Lutjanus griseus) to 
distinguish nurseries among six regions in southwest Florida (USA) with a high level of accuracy (a 
classification success value of 82%). Establishing such spatial resolution for this area will enable 
the future assignment of older L. griseus to their nursery origins by matching the elemental 
signatures within the juvenile portion of their otoliths to one of the five regions classified. 
 There are numerous examples of the successful use of otolith elemental fingerprinting for 
determining the juvenile habitat origins of a wide range of species that occur across the globe. For 
two consecutive cohorts of English Sole (Parophrys vetelus) within Puget Sound (Washington State, 
USA), age-0 fish were used to define six urbanized and non-urbanized regions, to which age-1 fish 
were then assigned, revealing that juvenile contributions from nurseries varied significantly 
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between the two cohorts examined (Chittaro et al. 2009). Such variation in juvenile habitat use 
between the two cohorts highlights the habitat plasticity and/or the varying habitat requirements 
that occur at relatively fine temporal scales for this species. Another study exemplifying the utility 
of otolith elemental fingerprinting for identifying juvenile habitat occupancy is that of Crook et al. 
(2013), in which nursery ‘hotspots’ of the invasive Common Carp (Cyprinus carpio) were identified 
within the Lachlan River of southeastern Australia, providing fisheries managers with a spatial 
prioritization for invasive species management actions. 
 With knowledge of the juvenile habitat origins, as well as the exact locations from which 
these individuals were collected, inferences can be made regarding the habitat linkages between the 
juvenile, sub-adult, and adult life stages. For example, when adult Snapper (Pagrus auratus) caught 
in the fishery off the coast of New South Wales (Australia) were overwhelmingly assigned to 
juvenile habitats that were in proximity to the fishery, it was determined that the fishery was 
sustained by fish originating from a group of local estuaries, rather than fish migrating from other 
estuaries (Gillanders 2002). In contrast, larvae of the White Sea Bream (Diplodus sargus sargus) were 
found to have dispersed as far as 200km, and perhaps even farther, along the Adriatic coast of Italy 
from their spawning sites and, after settlement into juvenile habitats, dispersed as far as 30km 
within their first year (Di Franco et al. 2012).  
 The effective use of otoliths as natural tags depends on the existence of a measurable 
difference in otolith chemistry at geographic and temporal scales that are relevant to the habitat 
use of the species under study. Therefore, before otolith elemental fingerprinting can be applied to 
investigations of habitat use and connectivity, it is important to establish the existence and spatio-
temporal resolution of chemical variations from otoliths collected within the study area. Only after 
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a complete chemical characterization of the juvenile habitat areas has been established as a baseline 
can the elemental signatures of adult otoliths be matched to the most probable juvenile habitat 
(Elsdon et al. 2008).  
 The species specificity of elemental deposition onto otoliths determines the extent to 
which spatial and temporal patterns of one species can be applied to other species that occupy the 
same habitats. Many studies have examined inter-specific variations in the incorporation of 
elements into otoliths (Swearer et al. 2003; Hamer and Jenkins 2007; Reis-Santos et al. 2008; 
Leakey et al. 2009; Chang and Iizuka 2012; Chang and Geffen 2012; Carson et al. 2013). 
Determining the degree to which species differ with respect to the incorporation of elements into 
the otolith matrix may help identify elements for which spatio-environmental variations dominate 
over potentially confounding physiological influences. While the general ecology (e.g., mobility, 
diet, microhabitat use, etc.) and physiological regulation that ultimately govern the deposition of 
elements onto otoliths very often result in species specificity, multi-species trends in otolith 
elemental composition may be discernible if spatial gradients are sufficiently distinct (Swearer et al. 
2003; Hamer and Jenkins 2007; Carson et al. 2013). 
 Life History Otolith Elemental Profiles. In general, efforts to track habitat usage patterns 
from the juvenile through the adult life stage have not been adequate (see review by Gillanders et 
al. 2003), yet understanding these transitions is very important for managing species that undergo 
regular or ontogenetic migrations to different habitats. The ability of otoliths to function as 
natural tags for all individuals of a population, from the larval stage until death, affords the unique 
opportunity to improve our understanding of such movements by examining life history otolith 
elemental profiles. A recent study on the anadromous Burbot (Lota lota, Linneaus) along the 
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eastern coast of the Baltic Sea provides a good example of the important information that can be 
garnered from the use of life history profiles (Rohtla et al. 2014). In this study, Sr:Ca and Ba:Ca 
profiles of 74 otoliths were examined to determine the occurrence and timing of migrations from 
fresh to brackish water as juveniles, and then back to freshwater upon maturation, revealing early 
juvenile migration and delayed maturation events in some individuals. In another study, 
Albuquerque et al. (2012) used life history profiles of Sr:Ca to assess the estuarine dependence of 
the Whitemouth Croaker (Micropogonius furnieri) along a broad stretch of the eastern coastline of 
central South America, confirming that estuarine occupation for this species was an obligatory part 
of its life history, rather than an opportunistic or passive occurrence that some previous research 
had concluded. 
 Previous Studies on Red Drum and Common Snook Otolith Elemental Composition. 
To date, only a handful of studies have examined the chemical composition of Red Drum and 
Snook otoliths. For Red Drum, the first was carried out as thesis research by Hoff (Hoff 1992; 
Hoff and Fuiman 1993; Fuiman and Hoff 1995; Hoff and Fuiman 1995). This research focused 
on the basic drivers affecting Red Drum otolith elemental composition and provided early 
evidence of the interactive influences of environmental (e.g., salinity, temperature, and diet) and 
biological (e.g., age and possibly reproductive activity) factors on the incorporation of elements 
into Red Drum otoliths. Sodium (Na) was shown to be inversely related to ambient salinity, while 
potassium (K), strontium (Sr), and calcium (Ca) within otoliths showed positive correlations with 
temperature. Despite the effect of temperature on the incorporation of certain elements, 
physiological changes associated with age were found to have a much larger influence on elements, 
with magnesium (Mg) and Na levels decreasing and Sr concentration increasing with age.  
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 In another study (Rooker et al. 2004), the otoliths of Red Drum and Black Drum (Pogonius 
cromis) reared in several salinity treatments were analyzed and corresponding changes in Sr:Ca were 
observed. While only Black Drum otolith Sr:Ca showed a significant correlation with salinity, 
continuous otolith elemental profiles of both species demonstrated Sr:Ca patterns that coincided 
with the early life history movements into and out of juvenile habitats known to occur in these 
species. Such inconsistencies in otolith Sr:Ca between closely related species may also suggest that 
ontogenetic and physiological mechanisms play a role in otolith Sr incorporation. 
 Patterson et al. (1999) used solution-based ICP-MS to examine elemental variations (Mg, 
Mn, Zn, Sr, and Ba) in Red Drum otoliths collected from bay systems throughout the Gulf of 
Mexico and Atlantic coasts of the USA with the purpose of testing the applicability of otolith 
chemistry to stock identification. Their results pointed to distinctly identifiable stocks from the 
locations sampled in Florida bay systems (Cedar Key, Tampa Bay, and Indian River), and less 
discernible stocks in the other sampling locations (Texas, Georgia, and South Carolina). The 
inability of otolith chemistry to adequately distinguish fish from certain bay systems was attributed 
to the more broadly sampled (both spatially and temporally) otoliths from those locations. 
Increased within-group variation can be expected with more broadly spaced and temporally 
protracted sampling efforts, yet this sampling approach may be essential to adequately represent a 
system for the application of otolith elemental fingerprinting.    
 In a subsequent study, Patterson et al. (2004) used multi-element signatures in otoliths 
collected from eight estuaries along the Gulf and Atlantic to chemically assess the population 
structure and philopatry of Red Drum at the estuary scale. Otoliths of juveniles from the Gulf and 
Atlantic had distinct elemental fingerprints, and a discriminant function analysis of the data 
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revealed that otoliths were distinguished from one another with a high degree of accuracy at both 
the basin scale (99.5%; only one otolith was misclassified between the Gulf and Atlantic regions) 
as well as the estuary scale, with an overall jackknife cross-validated success value of 80%. Otoliths 
from Tampa Bay were collected from three cohorts (1982, 1998, and 1999) and discriminant 
analyses demonstrated significant annual variations in elemental ratios that may have been largely 
attributed to extensive rainfall during El Nino years and a concomitant influx of certain elements 
into the watersheds. However, the elemental data from other cohorts in that study tended to group 
together across years, suggesting some temporal stability for hydrologically similar years. The core 
portions (i.e., otolith material deposited during early life stages) of adult Red Drum otoliths 
collected in nearshore waters outside of Tampa Bay were predominantly assigned to the Tampa 
Bay estuary (75% were assigned to Tampa Bay juvenile habitats), suggesting a high degree of 
philopatry for this species. 
 More recently, Rooker et al. (2010) used stable isotopes (δ13C and δ18O) within Red Drum 
otoliths to determine the habitat connectivity between juvenile and adult life stages along the 
Texas coast over a three-year period. The ability to classify juveniles of known origin to four 
distinct multi-estuary regions was relatively high, ranging from an overall classification rate of 82-
92% depending on the cohort analyzed (2001, 2002, or 2003). Assigning sub-adult and adult Red 
Drum of the 2001 cohort to their most probable region of origin revealed that the majority of fish 
collected in the southern regions originated there as juveniles, while a significant proportion of 
fish collected in the northern regions had also spent their juvenile period in the adjacent regions 
to the south. The general trend in Red Drum remaining near their region of juvenile habitat 
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occupation was attributed to either natal homing, the lack of dispersal from these regions, or the 
higher mortality of individuals migrating to adjacent regions. 
 Snook have been the subject of only one previous study involving otolith chemistry. 
Patterson et al. (2005) analyzed the trace element composition of Snook otoliths (Mn:Ca, Sr:Ca, 
and Ba:Ca) collected from the east (Tequesta) and west (Charlotte Harbor) coasts of Florida to 
chemically distinguish the genetically separate stocks that occupy these coasts. The results indicated 
a high degree of separation between otolith elemental fingerprints from each coast (100% cross-
validation success), and suggested that Snook collected in Florida Bay, at the southern tip of 
Florida, likely originated from both coasts. It should be noted that this study characterized east and 
west coasts using only one estuarine system per coast. Use of relatively few samples (n=20) to 
represent each coast may have contributed to the highly distinct elemental fingerprints for these 
two regions. More extensive sampling on each coast, and within each estuary, could blur the 
distinctions between basins and estuaries, but would perhaps provide a more comprehensive and 
representative classification model. Nevertheless, this study provided evidence that otolith 
elemental fingerprinting can be used to identify the juvenile habitat origins of Snook from 
different estuaries. 
 
Dissertation Goals and Organization: 
 The main purpose of this dissertation was to determine the efficacy of employing otolith 
chemistry as a means of tracing the habitat use, connectivity, and life history events of Snook and 
Red Drum on a much more highly resolved spatial scale (within the Tampa Bay estuary) than has 
been attempted in the previous studies described above. Because Snook and Red Drum occupy 
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juvenile and sub-adult habitats (and, for Snook, adult habitats as well) within a single estuarine 
system, the successful application of otolith elemental fingerprinting at such a fine spatial scale 
(e.g., within Tampa Bay) would represent a significant achievement towards understanding these 
estuarine-dependent species on a spatial scale that is relevant to local management efforts. 
 Chapter Two examines the applicability of otolith elemental fingerprinting within the 
Tampa Bay estuary by establishing the spatial and temporal extent of elemental variation in the 
otoliths of juvenile Snook and Red Drum collected from low-salinity habitats throughout the 
estuary over multiple years, and additionally examines the elemental variations that occur between 
species. Chapter Three quantifies the relative effectiveness of the juvenile habitat areas by 
determining the proportions of juveniles that contributed to the sub-adult and adult populations 
from each of the chemically-defined juvenile habitat areas established in Chapter Two. Chapter 
Three also assesses the habitat connectivity and degree of philopatry exhibited by Snook and Red 
Drum across life stages. Potential influences on the elemental patterns characterizing Tampa Bay, 
including anthropogenic, geologic, and physico-chemical factors, are explored in Chapter Four. 
The final section, Chapter Five, examines the influence of salinity, otolith growth features, 
reproductive activity, and handling stress on the chemical composition of Snook otoliths in order 
to assess the potential for using otoliths to retroactively track life history events for this species.  
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CHAPTER TWO: 
ESTABLISHING THE SPATIO-TEMPORAL RESOLUTION OF OTOLITH ELEMENTAL 
FINGERPRINTS USED TO CHARACTERIZE COMMON SNOOK (CENTROMPOMUS 
UNDECIMALIS) AND RED DRUM (SCIAENOPS OCELLATUS) JUVENILE HABITAT AREAS 
WITHIN THE TAMPA BAY ESTUARY 
 
Introduction: 
Identifying the habitat areas that function most effectively to sustain fish stocks is necessary 
for resource managers to appropriately prioritize the conservation and restoration of these habitats 
and their associated features. Efforts to quantify the relative value of specific habitat areas have 
traditionally relied upon presumptive indices, such as the abundance and condition of juvenile 
fishes (Beck et al. 2001; Houde 2002; Dahlgren et al. 2006; Layman et al. 2006; Greenwood et al. 
2008a and b; Krebs et al. 2013). However, since these indices can only be used to extrapolate the 
success observed at the juvenile stage to that of the adult populations, they may not accurately rank 
the value of habitats, as it is impossible to know, using this index-based approach, whether 
individuals from any juvenile habitat actually survive to join adult populations. For example, 
fishery-independent monitoring data from Tampa Bay have shown that high recruitment of 
juvenile Snook in certain years is not necessarily followed by high abundance in subsequent years 
(Muller and Taylor 2006; unpublished data), highlighting the reality that, regardless of the high 
abundance or healthy condition of juveniles within a given habitat, sufficient numbers may not 
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ultimately survive to bring about a proportional increase in adult populations (Figures 2.1a & 
2.1b). 
One way to augment the proxy-based indices developed in previous studies is to measure 
the actual contribution of juveniles from specific habitat areas by tracking the number of juveniles 
that actually survive to join adult populations. Several pitfalls have precluded the use of artificial 
tagging methods for effectively tracking habitat use from the juvenile through adult life stages, 
including the often low re-capture/re-sighting rates, high mortality of juvenile fishes, and high cost 
of tags, making the quantification of habitat contributions to adult populations difficult (reviewed 
in Gillanders 2009). However, with the advancement of Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS) in recent years, allowing for rapid and high precision measurement of trace 
elements, scientists are increasingly using the elemental composition of otoliths to reconstruct the 
life histories of fishes and improve the understanding of fish habitat use and connectivity 
(Campana 1999; Elsdon et al. 2008). As otoliths grow by continually adding new layers of calcium 
carbonate, certain trace and minor elements are also incorporated into the otolith material, often 
in proportion to their ambient concentrations, rendering them valuable tools for tracking the 
occupation of areas with different ambient conditions (Campana 1999; Bath et al. 2000; Elsdon et 
al. 2008). One of the most valuable applications of otolith chemistry is that of elemental 
fingerprinting, whereby habitats are characterized using the otolith elemental signatures of their 
occupants, and the age-specific elemental signatures of subsequent life-stage individuals are used to 
determine prior habitat occupation. Successful employment of this technique would enable the 
direct quantification of the relative effectiveness of juvenile habitat areas in sustaining fish 
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populations, as well as the connectivity between juvenile and sub-adult and/or adult habitats 
throughout the entire life cycle. 
The goal of this research was to assess the applicability of using otolith elemental 
fingerprinting as a means for understanding the habitat use patterns and ontogenetic movements 
of two estuarine dependent fishes between areas within Tampa Bay, Florida. However, before 
otolith elemental fingerprinting can be applied to investigations of habitat use and connectivity, it 
is important to establish the existence and spatio-temporal resolution of chemical variations from 
otoliths collected within the study area, as the use of otoliths as natural tags depends on there 
being some measurable difference in otolith chemistry at a geographic and temporal scale that is 
relevant to the habitat usage of the study species (Gillanders 2005; Kraus and Secor 2005). 
Generating an accurate chemical representation of the study area is critical if one expects to obtain 
reliable estimates of habitat use and connectivity using this technique. Often, studies employing 
the otolith elemental fingerprinting technique have used otolith samples collected in a spatially 
and/or temporally discrete manner (e.g., a single location or day) to characterize a study area at a 
much larger scale (e.g., an entire region or year). While this practice may result in a highly distinct 
classification model, since it does not adequately incorporate within-group variation into the 
model, it does not produce an accurately representative ‘chemical map’ of the study area, 
rendering any attempts to determine the origins of fish using this map flawed. Only when a 
complete chemical characterization of the juvenile habitat areas is established as a baseline can 
elemental signatures of adult otoliths (corresponding to the juvenile period) be matched to the 
most probable area used as juvenile habitat.  
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Broad-scale studies (continental and ocean-basin scales), typically separated by large 
distances and having very distinct environmental conditions, have often reported highly distinct 
variations in otolith elemental fingerprints among habitat sites (Patterson et al. 1999; Shuford et 
al. 2007; Walther and Thorrold 2008). Although small-scale study systems (e.g., within-estuary) 
typically have more mixing of adjacent water masses, and thus more chemical overlaps, some 
studies have been successful in using otolith chemistry to distinguish between juvenile habitats at 
relatively small spatial scales (Gillanders and Kingsford 2000; Dorval et al. 2005; Chittaro et al. 
2009). With the ultimate goal of establishing the applicability of otolith elemental fingerprinting 
within a comparatively small study area, the Tampa Bay estuary in Florida, the current study 
examined the spatial and temporal resolution attainable with otolith elemental fingerprints for two 
important species that occur within the Tampa Bay estuary, the Common Snook (Centropomus 
undecimalis) and the Red Drum (Sciaenops ocellatus).  
 
Methods: 
 Field Sampling. Juvenile samples were collected using a 21.3m center bag seine and a 6.1m 
otter trawl during monthly Fishery Independent Monitoring (FIM) stratified random sampling. 
Directed surveys using a 9.1m raft-set seine were required to obtain additional samples from areas 
not targeted by FIM sampling efforts. Otoliths from the 2007 Snook cohort and the 2008 Red 
Drum cohort were the primary year-classes assessed in the study based on the availability and 
geographical distribution of archived juvenile samples collected in these years. For Red Drum, 85 
juveniles were collected from 14 tributaries during 2008, and 22 juveniles were collected from an 
adjacent (2006) cohort. For Snook, 114 juveniles were collected from 27 tributaries during 2007, 
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and 94 juveniles were collected from adjacent (2006, 2008, and 2009) cohorts. Sample numbers 
collected from each tributary, from any single cohort, ranged from 1-13. The average lengths of 
juveniles collected from the 2007 Snook and 2008 Red Drum cohorts were 49 (+/-15 SD) and 
53mm SL (+/-23 SD), respectively. All juvenile samples were frozen whole until otoliths could be 
extracted, typically within 1-6 months after collection. However, some juvenile Snook were frozen 
for up to 60 months before otolith extraction. Tables 2.1 & 2.2 summarize the Red Drum and 
Snook samples that were included in the study. All juvenile Red Drum and Snook used in this 
study are highlighted in grey in Tables AA.1 & AA.2. Figures 2.2 & 2.3 show the sample 
collection sites for all juvenile specimens used in the study. 
 Sample Preparation. All otolith preparation was conducted using trace-metal grade 
materials and methods, hereafter referred to as ‘clean’ techniques. Otoliths of juvenile and adult 
fishes were removed using chemically inert ceramic-tipped forceps, cleaned of residual tissue using 
Teflon-coated or ceramic-tipped forceps, rinsed in ultrapure water (18.2MΩ), dried, and either 
further cleaned or stored for later processing. For further cleaning, otoliths were placed inside 
clean well-plates within a Class 100 metal-free laminar flow bench, scrubbed using a clean 
toothbrush, immersed in 36% ultrapure hydrogen peroxide for 3 minutes, and rinsed three times 
in ultrapure water between each step. Clean otoliths were allowed to dry within clean vials for 24 
hours inside a Class 100 laminar flow bench. Otoliths were then mounted on clean petrographic 
slides using Crystal Bond™ 509 and thin-sectioned through the core to a thickness of 1 mm using 
a Buehler Isomet® low speed saw. Thin sections were polished using three sequential grades of 
polishing paper (220, 800, and 3µm grit) in order to reveal the exact core and daily rings of each 
otolith. The final thin sections were re-mounted onto clean petrographic slides, thoroughly rinsed 
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with ultrapure water, and sonicated for 5 minutes to remove any impurities introduced during the 
sectioning process. 
 Chemical Analyses. A PhotonMachines Analyte.193 excimer UV laser ablation system, 
connected to an Agilent 7500CX Quadropole Inductively Coupled Plasma-Mass Spectrometer 
(LA-ICP-MS) was used to assess the chemical composition of otolith samples collected throughout 
the study area. For each sample, a suite of 26 isotopes was measured: 7Li, 23Na, 24Mg, 31P, 43Ca, 45Sc, 
51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 64Zn, 65Cu, 72Ge, 85Rb, 88Sr, 89Y, 114Cd, 118Sn, 137Ba, 197Au, 208Pb, 
232Th, 238U. These elements were selected based on their chemical properties which render them 
more readily incorporated into otolith material at detectable concentrations over the fish’s life and 
the isotopes were selected as they were less likely to have isotopic interferences during chemical 
analysis, as well as their potential to reflect environmental gradients within the study area (e.g., 
pollutants, salinity gradients, etc.). 
 Operating parameters on the LA-ICP-MS were tuned regularly to optimize stability and 
sensitivity, minimize isotopic interferences, and reduce mass-specific fractionation of isotopes. 
Various combinations of settings for laser spot size and frequency were compared prior to otolith 
analyses. Preliminary analyses comparing three-spot vs. one-spot ablations demonstrated that 
replicate ablations were unnecessary for generating reliable chemical signatures for each otolith.  
 To acquire the elemental fingerprint from each juvenile otolith, the laser beam (50µm 
beam diameter; 10Hz repetition rate) was targeted on the proximal-ventral edge portion of the 
otolith for 60 seconds, during which ablated material was sent to the ICP-MS to be separated and 
measured according to mass-to-charge ratios. A washout period of 60 seconds after each sample 
ablation ensured that all material was sufficiently flushed from the system between subsequent 
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ablations. All quantitative output (isotopic counts per second) was averaged over the duration of 
laser acquisition that coincided with the juvenile period of interest (i.e., data from each spot were 
averaged). Two standard reference materials were analyzed after every tenth sample acquisition: a 
commonly used glass standard (NIST-612) and a calcium carbonate standard (MACS-3) that is 
matrix-matched to otolith material. All samples were run in randomized blocks to avoid 
misinterpreting day-to-day variations in instrument sensitivity as actual variations among otolith 
samples. Post-analysis data processing involved conversion of the raw elemental counts-per-second 
data into element-to-calcium concentration ratios. The use of calcium as an internal standard 
allows for the correction of sources of bias such as sensitivity drift, matrix effects, as well as 
variations in the mass of material ablated among samples and standards (Longerich et al. 1996). 
Thus, all elemental data used in this study were expressed in the form of molar ratios to calcium, 
and any references to single elements are merely for the sake of simplicity. 
 General Approach and Statistical Analyses. The Fathom Toolbox for Matlab was used for 
all statistical analyses (Jones 2012; Jones 2014). Data were natural log transformed (x’ = ln(x + 1)) 
prior to analyses to place all variables on similar scales. Non-parametric (permutation-based) 
statistical methods were applied to all data in order to avoid assumptions of normality. To 
construct a baseline ‘chemical map’ of Tampa Bay, spatial models were defined a priori and the 
elemental ratio data for each juvenile otolith was assigned to a specific spatial category. Without 
prior knowledge of the spatial resolution at which otolith chemistry signatures could be 
distinguished within Tampa Bay, three spatial scales were examined:  individual tributaries (Red 
Drum=14 tributaries, Snook=27 tributaries), three regions within Tampa Bay (Old Tampa Bay vs. 
Hillsborough Bay vs. lower Tampa Bay), and two regions within Tampa Bay (upper Tampa Bay vs. lower 
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Tampa Bay) (Figures 2.2 & 2.3). In addition, to account for low sample sizes at the tributary scale, 
separate analyses were conducted in which sites that had fewer than five samples were removed; 
otolith elemental data from the retained sites were then bootstrapped to better approximate the 
sampling distribution of elemental ratios (Fu et al. 2005). MANOVA was used to assess the spatial 
variability in otolith elemental ratios by coding the elemental ratio data as explanatory variables 
and the spatial categories as response variables.  
 The temporal scale at which otolith elemental signatures could be discerned was also 
unknown, and therefore two temporal categories were examined:  inter-annual (Red Drum cohorts 
2006, 2007, 2008 and Snook cohorts 2006, 2007, 2008) and intra-annual (wet vs. dry seasons; only 
applicable for Snook from the 2007 cohort) (Tables 2.1 & 2.2). For the select sites where sufficient 
samples were obtained (at least five fish in each temporal group) across different temporal scales, 
two-way MANOVA was used to assess the influence of temporal variation on otolith chemistry by 
coding the elemental ratio data as explanatory variables and the spatial and temporal categories as 
response variables, with the spatial-temporal interaction terms indicating the degree of temporal 
stability. Separate year-specific analyses were run for each spatial model, using the same spatial 
grouping and subset of discriminating elements that was used in the spatial analyses. For all 
interannual analyses, spatial and temporal factors were treated as fixed.  
 To assess the occurrence and extent of seasonal variation in the elemental composition of 
Snook otoliths, seasonal categories were delineated as follows: wet = June through October; dry = 
November through May. Because Red Drum have a more discrete spawning season than Snook, 
Red Drum juveniles were only collected in the dry season and it was not possible to assess 
elemental variation between wet and dry seasons for this species. MANOVA using all elements as 
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explanatory variables was applied to otolith data from Snook collected from the 2007 cohort 
within the lower Tampa Bay region, where there were sufficient numbers of samples collected from 
both wet (n=52) and dry seasons (n=19). ANOVA was used to test for variation in individual 
elemental ratios between seasons. Samples for this analysis were collected between June, 2007 and 
February, 2008 (Tables 2.1 & 2.2).  
  To identify the elemental ratios most influential in discriminating spatial groups, a 
forward-stepwise procedure using Redundancy Analysis was applied to the elemental ratio data and 
Akaike’s Information Criterion (RDA-AIC) was used to select the most parsimonious subset of 
elemental ratios for each spatial model. This was done to avoid over-paramaterization of the 
models, which could lead to overly-successful classification simply due to there being excessively 
more explanatory variables than response variables. 
 Three factors were tested for their potentially confounding effects on juvenile otolith 
elemental ratio data:  analysis date, fish length, and duration of time frozen. For each spatial and 
temporal model, ANCOVAs were applied to each element by coding the elemental ratio data as 
explanatory variables, spatial categories as response variables, and potentially confounding factors 
as covariables. Several elements were found to co-vary with the spatial categories and at least one of 
the covariables. However, because the removal of any potentially confounding effects did not 
substantially influence any of the statistical outcomes, and to avoid the unnecessary removal of 
actual variation from the data set, all data were left intact with no covariables removed.  
 The difference in otolith elemental composition between Snook and Red Drum was 
examined using MANOVA by comparing the elemental ratios of Snook and Red Drum collected 
in the same temporal and spatial categories. Four inter-species comparisons were made using 
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samples collected from three tributaries and two year-classes: Newman-2008, Braden-2006, Little 
Manatee-2008, and Little Manatee-2006. The dominant elements responsible for the separation of 
groups were identified using RDA-AIC, and these elements were incorporated into the subsequent 
MANOVA tests.   
 Canonical Analysis of Principal Coordinates (CAP) is the distribution-free method used in 
this study to generate classification models based on the Euclidean distances of elemental ratio 
data (Anderson and Robinson 2003; Anderson and Willis 2003). CAP was also used to visualize 
differences among groups in the spatial, temporal, and inter-specific analyses. Because CAP does 
not have distributional assumptions and is able to handle data sets that have more predictor 
variables than observations per group, this method is useful for testing null hypotheses among 
groups of multivariate observations, such as otolith chemistry data, which are often over-
parameterized and have non-normal distributions (Anderson and Robinson 2003; Anderson and 
Willis 2003). As a measure of the ability of the spatial models to accurately classify known-origin 
juveniles to their respective spatial categories, a leave-one-out cross-validation routine was 
performed on elemental data from the juvenile otoliths. Based on the ability to accurately classify 
observations to their known spatial categories using CAP, a measure of classification error was 
achieved (i.e., cross validation success, CAP-CV). 
 The proportional chance criterion test (PCC) was used to test the performance of 
classification models in comparison to a null model. The p-value generated by the PCC indicates 
the probability that the observed classification success is no better than that a random assignment 
of the observations, and is useful for verifying that imbalanced sample sizes are not over-estimating 
the classification accuracies for each model (McGarigal et al. 2000; White and Ruttenberg 2007). 
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Results: 
 Spatial Variation. Table 2.3 summarizes the results from MANOVA and CAP cross-
validation analyses for the three spatial models examined for each species. All proportional chance 
criterion tests for Snook and Red Drum had p-values less than 0.05, indicating that it was highly 
improbable that the observed cross-validation values were due to chance alone, but rather to the 
actual chemical variations between spatial categories (i.e., the models performed better than a null 
model). 
 Red Drum spatial variation. Red Drum otolith elemental signatures differed significantly 
with respect to geographic location within the bay. Among the three models tested, the two-region 
model demonstrated the greatest difference between spatial categories (F=9.7, p=0.001) and was 
the most successful classification model, with an overall cross-validation success value of 87%. 
Elements that explained the greatest amount of variation between the upper and lower Tampa Bay 
regions were Sr:Ca, Mn:Ca, Na:Ca, Ba:Ca, Li:Ca, and V:Ca. Otoliths from upper Tampa Bay were 
higher in Na:Ca and Li:Ca, while those from lower Tampa Bay generally had higher levels of 
Sr:Ca, Mn:Ca, Ba:Ca, and V:Ca (Figures 2.4a – 2.4c). Figure 2.5 shows bar graphs of the mean 
element-to-calcium ratios of the discriminatory elements included in the two-region juvenile Red 
Drum model. Despite the skewed sample sizes in the two-region model (more than a 4:1 difference 
in sample sizes between the upper and lower regions), the p-values generated by the PCC (p=0.001) 
indicated that the probability of generating the observed cross-validation values by chance alone 
was extremely low. 
 The three-region model for Red Drum was a moderately successful classifier, with Sr:Ca, 
P:Ca, Mn:Ca, Na:Ca, 63Cu:Ca, V:Ca, and Cr:Ca serving as the most discriminating elements 
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(F=5.9, p=0.001, CAP-CV=66%). Sr:Ca, Mn:Ca, V:Ca, and Cr:Ca were elevated in the lower 
Tampa Bay region, while the remaining elemental ratios were primarily elevated in the Old Tampa 
Bay (P:Ca) and Hillsborough Bay (63Cu:Ca, Na:Ca, Cr:Ca) regions (Figures 2.6a & 2.6b). Analyses 
of the three-region model for Red Drum suggest that the primary source of misclassification was 
within the upper region of the bay; the Lower Tampa Bay and Old Tampa Bay regions were very 
distinct from one another, as exemplified by the 0% misclassification between these regions in the 
three-region model (Figure 2.6c). While the three-region model for Red Drum characterized the 
Lower Tampa Bay and Old Tampa Bay regions with reasonable adequacy (CAP-CV=87% and 
67%, respectively), the overall predictive ability of the model (CAP-CV=66%) was decreased by the 
chemical signatures from the Hillsborough Bay region overlapping with the other regions. Samples 
from the Hillsborough Bay region had the tendency to be misclassified to the Lower Tampa Bay 
and Old Tampa Bay regions 18% and 25% of the time, respectively. Samples from the Old Tampa 
Bay region were misclassified to the Hillsborough region 33% of the time. The only 
misclassification of otoliths from the Lower Tampa Bay region was that with the Hillsborough Bay 
region 13% of the time. Despite these overlaps, the moderate predictive ability of the three-region 
model is apparent when overall cross-validation success is compared to that expected by chance 
(66% observed vs. 38% by chance). Figure 2.7 shows bar graphs of the mean element-to-calcium 
ratios of the discriminatory elements included in the three-region juvenile Red Drum model. 
 The elemental data for Red Drum collected from 14 individual tributaries showed 
significant chemical variation, with Sr:Ca, Mn:Ca, Mg:Ca, and Ni:Ca being the most 
discriminating elements (F=4.8, p=0.001); however, overall cross-validation success was relatively 
low, with a CAP-CV value of 31%. Even when the juvenile data were bootstrapped to account for 
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small sample sizes, cross-validation success remained low (bootstrapped: F=5.1, p=0.001, CAP-
CV=38%). When the analyses were repeated after removal of tributaries with less than 5 samples, 
cross-validation success improved but still remained low (bootstrapped: F=7.7, p=0.001, CAP-
CV=48%), suggesting that, despite performing significantly better than a null model (PCC p-
value=0.001), differentiation between these tributaries using otolith elemental chemistry were not 
sufficient to produce a robust classifier. Figures 2.8a & 2.8b show the bootstrapped elemental data 
projected along canonical axes that maximize separation between the 13 tributaries (McKay site 
removed due to having only four otoliths), with vectors revealing the relationships between the 
tributaries and the four elements used to discriminate between them. Figure 2.8c shows the matrix 
of cross-validation results for the tributary-scale model using bootstrapped data from the thirteen 
tributaries that had at least five samples (refer to AB.1 for a full confusion matrix for all 14 
tributaries). Figures in AC.1 show the mean element-to-calcium ratios for each individual tributary 
from which Red Drum juveniles were collected. 
 Common Snook spatial variation. There was significant variation in Snook otolith elemental 
chemistry with respect to the geographic location that samples were collected from in Tampa Bay. 
As with the Red Drum, the Snook model with the lowest spatial resolution (i.e., the two-region 
model) had the largest between-group variation (F=45.8, p=0.001, CAP-CV=76%). Interestingly, 
the two-region model for Snook relied only on the data from one elemental ratio, Sr:Ca, which 
was primarily elevated with respect to Ca in otoliths from the lower Tampa Bay region (Figures 
2.9a – 2.9c). Another elemental ratio, Y:Ca, was positively correlated with samples from the upper 
Tampa Bay region, but inclusion of this variable in cross-validation analyses did not improve 
classification success and was not included in analyses of Snook data for the two-region model. 
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Figure 2.10 shows bar graphs of the mean concentrations of the Sr:Ca (and also Y:Ca) used in the 
two-region juvenile Snook model. 
 The three-region model for Snook demonstrated significant differences among lower 
Tampa Bay, Old Tampa Bay, and Hillsborough Bay regions and was moderately successful in re-
classifying known-origin juveniles to the correct region (F=7.3, p=0.001, CAP-CV=66%). Sr:Ca 
loaded positively along the first canonical axis in association with the samples from the lower 
Tampa Bay region, while the remaining elements were loaded negatively along the first canonical 
axis and negatively (Co:Ca) and positively (Y:Ca and V:Ca) along the second canonical axis 
(Figures 2.11a & 2.11b). Again, Sr:Ca was the most important element in discriminating between 
regions, largely due to the distinctly higher concentration of this elemental ratio in the lower 
Tampa Bay region. The other elements that contributed to the separation between the three 
regions, Co:Ca, Y:Ca, and V:Ca, improved the discrimination between Old Tampa Bay and 
Hillsborough Bay regions; however, cross-validation success for these two regions was marginal at 
best, with values of 56% and 25%, respectively (Figure 2.11c). As with the Red Drum models, the 
Hillsborough Bay region seemed to be a major source of confusion in the three-region model, with 
75% misclassification of this region to the other regions, particularly to the lower region. Figure 
2.12 shows bar graphs of the mean concentrations of the discriminatory elements used in the 
three-region juvenile Snook model. 
 The tributary-scale model also demonstrated significant variation between groups, 
although, as with the Red Drum, there was considerable overlap between the elemental ratios of 
many tributaries (F=5.3, p=0.001). As a classifier, this model performed relatively poorly, with a 
cross-validation success value of 31%. Four elements, Sr: Ca, Ba:Ca, Mn:Ca, and Li:Ca were 
33 
 
influential in discriminating between tributaries. Because several tributaries had only one or two 
juvenile Snook samples, analyses were also performed with these sites removed, leaving 12 
tributaries that were represented by at least 5 samples each. Analyses on elemental ratio from these 
tributaries resulted in a better-performing classifier, using both non-bootstrapped (F=9.3, p=0.001, 
CAP-CV=52%) and bootstrapped (F=14.8, p=0.001, CAP-CV=60%) data. Figures 2.13a & 2.13b 
show the bootstrapped elemental data projected along canonical axes that maximize separation 
between the 12 tributaries with vectors revealing the relationships between the tributaries and the 
four elements used to discriminate between them. Figure 2.13c shows the matrix of cross-
validation results for the tributary-scale model using bootstrapped data from the twelve tributaries 
that had at least five samples (refer to AB.2 for a full confusion matrix for all 27 tributaries). 
Figures in AC.2 show the mean element-to-calcium ratios for each individual tributary from which 
juvenile Snook were collected.  
 Temporal Variation. Tables 2.4 & 2.5 summarize the MANOVA results for the 
interannual analyses conducted on the Red Drum and Snook data, respectively. For the Red 
Drum data set, sufficient samples were not available from multiple cohorts to allow for comparison 
between years for the three-region model. For both species, all temporal analyses at the inter-
annual scale indicated that elemental fingerprints were significantly different across years. 
However, the lack of significance for the site-by-year interaction term for all models, except the two-
region model for Snook, indicated that the degree of variation between spatial categories was 
consistent across years. For the two-region model for Snook, there was a significant interaction 
between the regions from which juvenile Snook were collected (upper or lower) and the year in 
which they were collected. The interaction plot (Figures 2.14) shows the consistent trend in 
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otolith Sr:Ca, with otoliths from the lower region generally having increased Sr:Ca. However, the 
pattern in the 2006 cohort has a distinctly different gradient between regions (i.e., non-
homogenous slope) relative to the other cohorts, implying that combining the three cohorts may 
not produce the most accurate classification model. 
 To examine the effect of combining multiple Red Drum cohorts on spatial analyses, 
samples from the 2006 cohort (n=22) were pooled with the 2008 cohort (n=85), for a total sample 
size of 107 otoliths (Table 2.3). Pooling Red Drum data across years slightly modified the 
separation between spatial groups in the three models examined. The predictive capability of the 
tributary-level model remained relatively low, even after bootstrapping. The two-region model 
declined in its ability to successfully re-classify juveniles to their known source (decrease in cross-
validation success value by 10%), while the three-region model remained stable after the inclusion 
of otolith data from other cohorts. 
 For Snook, pooling the data from the 2006 and 2008 cohorts (n=75) with the 2007 data 
(n=114) for a total sample size of 189 otoliths resulted in more significant losses of predictive 
capability of the spatial models (Table 2.3). The tributary-level model was still generally 
unsuccessful as a classifier both before (F=7.7, p=0.001, CAP-CV=31%) and after (F=13.4, 
p=0.001, CAP-CV=45%) removal of tributaries with less than 5 samples. Data for the two-region 
model for Snook demonstrated a significant region-by-year interaction (p=0.027); therefore, data 
for this model were not pooled across years (Table 5). Inclusion of elemental data from multiple 
cohorts had a negative effect on the ability of the three-region model to accurately re-classify 
known-origin juveniles to their respective regions, with a decrease of 13% in cross-validation 
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success values. See Table 2.3 for a comparison of MANOVA and CAP results for the single-cohort 
vs. multi-cohort (i.e., years combined) spatial models for both species. 
 While results from the inter-annual variation tests indicated that incorporation of multiple 
cohorts may introduce some degree of variability into spatial models relying on otolith elemental 
ratios, the MANOVA test on seasonal variation in Snook otolith chemistry revealed that variations 
between wet and dry seasons were not significant (F=1.31, p=0.184). Using ANOVA to test for 
seasonal variations in the elemental composition of otoliths from the lower Tampa Bay region, 
only Mn:Ca (F=6.7, p=0.012) was found to vary between seasons (elevated in the dry season). 
Therefore, while more extensive seasonal comparisons would provide more verification, these 
results suggest that samples pooled across seasons may not suffer from temporal bias introduced 
from hydrological changes throughout the year, at least for juvenile Snook collected from the 
lower Tampa Bay region in 2007.  
 For subsequent analyses in this study, all data in this study were pooled across seasons (if 
applicable); however, data were not pooled across years due to inconsistencies in interannual 
variations between models and/or a lack of sufficient samples to adequately test all models for 
temporal variations at the annual scale.  
 Inter-specific Variation. Table 2.6 summarizes the results for the MANOVA analyses on 
species-specific differences in otolith elemental composition for Snook and Red Drum. The degree 
of differences between elemental fingerprints of Common Snook and Red Drum otoliths collected 
from the same habitat, and from the same year-class, was determined to be relatively high. 
Elemental ratios from otoliths collected at the Newman site in 2008 were found to be significantly 
different with respect to species (F=11.3, p=0.003). Sr:Ca, P:Ca, Na:Ca, and U:Ca contributed to 
36 
 
the separation between species, with all elemental ratios except P:Ca being elevated in Snook 
otoliths (Figure 2.15). For samples collected from the Braden site in 2006, U:Ca, Sn:Ca, and 
Mg:Ca were responsible for the significant discrimination between species (F=12.4, p=0.006). In 
this case, Mg:Ca and U:Ca were higher in Red Drum otoliths, while Sn:Ca was higher in Snook 
otoliths (Figure 2.16). Snook and Red Drum otoliths collected from the Little Manatee site in 
both 2006 and 2008 were also highly distinct (F=6.4, p=0.001 and F=11.4, p=0.001, respectively). 
For otoliths from this site, there was inter-annual consistency in the elevated Sr:Ca in Snook and 
Ba:Ca in Red Drum otoliths. The other elements were either elevated in Red Drum otoliths (P:Ca 
in 2006, Sc:Ca in 2008) or in Snook otoliths (Zn in 2008) (Figures 2.17 & 2.18). 
 
Discussion:  
 Spatial Variation. Establishing the occurrence and spatial resolution of otolith elemental 
variations within the study area is a critical first step toward the use of otolith elemental 
fingerprinting as a tool for identifying the most productive fish habitat areas within Tampa Bay. 
The use of otoliths as natural tags depends on there being some measurable difference in otolith 
chemistry at a geographic scale relevant to the life history of the species of interest. While past 
otolith chemistry studies on Snook and Red Drum have been very successful in generating models 
that delineate populations at the broader, multi-estuary scale (Patterson et al. 1999; Patterson et al. 
2004; Patterson et al. 2005; Rooker et al. 2010), the present study highlights the potential for 
using otolith chemical variation to distinguish habitat utilization for these species on a finer spatial 
scale:  within the Tampa Bay Estuary. 
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 For both Snook and Red Drum, the two-region model was found to be the most successful 
classifier among the models tested (>75% CAP-CV). The primary discriminating elemental ratio 
between the upper and lower bay regions for both species was Sr:Ca, while the other elements 
(Mn:Ca, Na:Ca, Ba:Ca, Li:Ca, and V:Ca) were generally less important than Sr:Ca for 
discriminating Red Drum otoliths from the upper and lower regions. The commonality in the 
increasing upper-to-lower bay gradient of otolith Sr:Ca between Snook and Red Drum samples 
indicates that, despite species-specific differences in the biomineralization of Sr (generally higher 
Sr:Ca in Snook otoliths), this element may be useful as a tracer of movements for both Snook and 
Red Drum, and perhaps other co-occurring species within Tampa Bay. The importance of Sr is 
especially apparent in the case of the two-region model for Snook, where Sr:Ca was the sole 
elemental ratio responsible for distinguishing habitats from the upper and lower regions. A direct 
relationship between ambient and otolith Sr:Ca has been widely observed in fish otolith chemistry 
studies, and is largely supported by controlled experiments demonstrating that the Sr deposited on 
the otolith is in direct proportion to that in ambient water (Bath et al. 2000; Kraus and Secor 
2004; Walther and Thorrold 2006). Because of this relationship, and the quasi-conservative nature 
of Sr and Ca in marine waters, Sr:Ca composition in otoliths has often been used as a reliable 
tracer of past salinity exposure (Walther and Limburg 2012). The generally lower salinity in the 
upper bay compared with the higher salinity in the more marine-influenced lower bay could partly 
explain the general north-to-south bay gradient observed in otolith Sr:Ca. Indeed, regression 
analyses of otolith Sr:Ca for both species demonstrated a relatively strong, statistically significant, 
negative relationship with latitude (Red Drum: F=77.1, p=0.001, R2=0.42; Snook: F=70.2, 
38 
 
p=0.001, R2=0.25), which could be partially attributed to the generally increasing salinity gradient 
that occurs from the north to south ends of the bay (see Chapter Four of this dissertation). 
 In addition to the influence of salinity on Sr:Ca biomineralization, the ambient 
concentrations of Sr and Ca likely play an important role in otolith Sr:Ca composition. Elevated 
Sr:Ca concentrations in certain groundwater sources may significantly influence the ambient 
concentrations of water, and thus the Sr:Ca composition of otoliths collected from these regions 
of the bay. Some groundwater in Florida is known to have higher Sr:Ca than seawater because 
water percolating through calcium carbonate layers within the aquifer accumulates more Sr than 
Ca through a process called ‘replacement’ (Odum 1951; Kraus and Secor 2004; Limburg 2004). 
The more time that water is exposed to the calcium carbonate, the more enriched in Sr the 
groundwater becomes.  
 The four major tributaries in Tampa Bay (Hillsborough, Alafia, Little Manatee, and 
Manatee Rivers) contribute substantially to Tampa Bay’s overall freshwater budget (approximately 
85%) and have notable proportions of their base flows coming from groundwater. Water quality 
measurements have indicated relatively high and variable concentrations of dissolved Sr:Ca in 
Floridan aquifer groundwater sources, particularly in eastern areas of the bay (FL-DEP 1995-1996). 
Values of Sr:Ca in groundwater measurements ranged from 0.5 to 623 mmol·mol-1, often 
exceeding typical marine values of approximately 9 mmol·mol-1 (Kraus and Secor 2004). 
Agricultural operations in the south-eastern region of Tampa Bay, which are often supplied by 
wells that tap the surficial or Upper Floridan aquifers, could potentially generate even higher ion 
concentrations due to the evaporation of thinly spread agricultural water, as well as plant 
discrimination of certain elements, leaving relatively high concentrations of some ions behind (i.e., 
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the ‘concentrating effect’) (EPA 2003). Because agricultural water is known to make up a 
substantial proportion of the dry season base flow of rivers draining into the lower Tampa Bay 
region, particularly the agriculturally-dominated southeastern area, it is possible that this source of 
elevated Sr also contributed to the overall gradient in Sr:Ca observed in otoliths across the bay.  
 The other elements (Mn:Ca, Na:Ca, Ba:Ca, Li:Ca, and V:Ca) found to be useful for 
discriminating Red Drum otoliths from the upper and lower regions were generally less important 
than Sr:Ca. Manganese, the second-most important element used to distinguish Red Drum from 
the upper and lower bay segments, was found in higher concentrations in otoliths from the lower 
region, particularly in the Little Manatee River site. Examination of the mean otolith Mn:Ca 
associated with each tributary from which Red Drum were collected (see Mn:Ca Figure in AC.1) 
revealed that several sites from the upper region had similarly high values of Mn:Ca, including the 
Alafia, Hillsborough, McKay, and MacDill sites from the Hillsborough region, and the Phillippe 
and Mullet sites from the Old Tampa Bay region. Such geographically inconsistent patterns in 
otolith elemental Mn:Ca may indicate a more complex, condition-mediated influence on ambient 
Mn:Ca values. For example, because Mn becomes dissolved in hypoxic sediments, potentially 
increasing its bio-availability for incorporation into otoliths, environments with consistently low 
dissolved oxygen could result in higher Mn:Ca in the otoliths of fish collected there (Limburg et al. 
2011). Research has also suggested that the biomineralization of certain biologically important 
elements such as Mn and Na onto otoliths is highly physiologically regulated and may reflect such 
endogenously mediated phenomena as growth, reproductive activity, and stress (Kalish 1992; Hoff 
and Fuiman 1993; Fuiman and Hoff 1995; Proctor et al. 1995). 
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 Red Drum otoliths from the lower region were found to have higher levels of Ba:Ca than 
those in the upper region, a pattern which could be indicative of greater terrigenous influence in 
the Little Manatee River and Braden River sites that comprise the lower region. Interestingly, 
while the overall levels of otolith Ba:Ca from the upper region were less than those in the lower 
region, the Alafia River had the highest mean otolith Ba:Ca of all the tributaries, and the 
Hillsborough River in the upper region had values similar to the Braden River in the lower region 
(see Ba:Ca Figure in AC.1). These elevated values of otolith Ba:Ca may reflect the larger terrestrial 
inputs draining into these rivers, which have much larger watersheds than the other tributaries 
within the study area. Peaks in ambient Ba within tidal rivers have commonly been associated with 
mid to low-salinity waters due to the tendency of Ba to desorb, often from clay particles, upon 
mixture of the fresh and saline water (Walther and Limburg 2012). Therefore, depending on the 
collection location of otoliths with respect to the dynamic fresh-saltwater mixing zone, as well as 
the degree of terrigenous inputs to each system, the Ba:Ca fingerprint in otoliths may be expected 
to vary both spatially and temporally within and among tributaries.  
 The alkali elements, Li and Na, that were identified as important discriminators between 
the upper and lower regions for Red Drum exhibited similar spatial patterns. The higher values in 
otoliths from the upper region were mostly associated with the MacDill site on the south end of 
the inter-bay peninsula, while all other sites in the upper region had lower values (see Li:Ca and 
Na:Ca Figures in AC.1). Should this pattern persist, the uniquely higher Li:Ca and Na:Ca may 
serve as an important tool for delineating the interbay peninsula in future otolith chemistry 
studies. 
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 Vanadium was generally found in higher concentrations in Red Drum otoliths collected in 
the lower region, particularly in the Braden River, although several tributaries in the upper region 
had similarly high levels (McKay, Rocky, Phillippe; see V:Ca Figure in AC.1). An explanation for 
the enhanced V:Ca in the otoliths from these geographically diffuse tributaries could be point-
sources of pollution, as Va:Ca has been associated with pollutants such as crude oil in past studies 
(Wang and Fingas 2003; Nowling 2007; Nowling et al. 2011), 
 For both species, factors that may have contributed to the chemical distinctions between 
the upper and the lower regions include the regionally-distinct exposure to marine and fresh 
waters, the amount and source of freshwater inflows (e.g., terrestrial runoff vs. groundwater), as 
well as regional and/or site-specific differences in land use. Importantly, the degree of physiological 
regulation of some elements may have resulted in otolith elemental compositions that did not 
reflect ambient conditions observed throughout Tampa Bay in a separate study (Elliot and Byrne 
2014, personal communication). More rigorous, dedicated studies examining the species-specific 
partition coefficients of elements would be necessary to clarify this. For elements that undergo less 
physiological fractionation, and are thus more representative of ambient conditions (e.g., water has 
been shown to contribute 98% of Ba to otoliths; Walther and Thorrold 2006), similarities 
between ambient chemistry dynamics among tributaries may have blurred the distinctions between 
the upper and lower bay, particularly between the Hillsborough Bay and the lower bay. 
Nevertheless, distinct separations were observed between the upper and lower regions, perhaps a 
result of the general physico-chemical gradients that exist from the upper to lower bay segments, or 
the lack of major river drainage into Old Tampa Bay. 
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 Temporal Variation. Determining the scale and degree of temporal variations in otolith 
elemental fingerprints was necessary to understand the time frame in which the chemistry of the 
otoliths can be used to accurately represent the chemistry of the habitat area from which they were 
collected. The majority of similar studies have concluded that significant shifts in otolith elemental 
fingerprints occur between years and seasons, as factors that may contribute to seasonal and/or 
annual changes in water chemistry, such as precipitation, surficial runoff, and mixing conditions 
are likely reflected in otolith chemistry (Swearer et al. 2003; Hamer and Jenkins 2007; Elsdon et al. 
2008; Thorisson et al. 2011). For example, larger spatial scale studies on Red Drum otolith 
chemistry have demonstrated significant annual variations in elemental ratios that may have been 
largely attributed to extensive rainfall during El Nino years and a concomitant change in the influx 
of certain elements (Patterson et al. 2004).  Nevertheless, elemental data from other cohorts in the 
same study tended to group together across years, suggesting some temporal stability for 
hydrologically similar years. 
 As would be expected from a dynamic Florida estuary that often experiences large inter-
annual fluctuations in rainfall and associated terrigenous and anthropogenic inputs, both Red 
Drum and Snook demonstrated significant variations in across-year comparisons of multi-element 
fingerprints. Despite this, the spatial and temporal interaction terms for the majority of analyses 
(all but one) were not significant, indicating that, while there were differences in otolith chemistry 
between years, the general pattern of spatial differences remained stable between years. This 
spatially consistent change in otolith elemental concentrations between years (i.e., homogenous 
regression slopes for the site-by-year analyses), could implicate a source of annual variation, such as 
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overall precipitation and concomitant runoff, that generally varies between years, but affects all 
areas in a similar manner.  
 In contrast, when data for Snook were compared between years in the context of the two-
region model, the site-by-year interaction term was found to be significant, suggesting that the 
upper and lower regions experienced different, more localized sources of variation between years. 
Further examination of this interaction revealed that, for 2006, the difference in otolith Sr:Ca 
between the upper and lower regions was not as strong as in adjacent years, perhaps due to 
spatially unique responses of each region to annual changes in precipitation or hydrology. For 
example, the distinctly higher percentage of impervious surfaces in the northern reaches of the Bay 
(Xian et al. 2007) could provide a mechanism by which the upper and lower regions receive 
different elemental inputs via runoff, despite both regions being exposed to similar annual 
variations in precipitation. 
 Even in the cases in which the general trend of spatial differences remained consistent 
between years, the pooling of otolith elemental data from multiple cohorts for both Snook and 
Red Drum resulted in a general weakening of the between-group variation and the predictive 
ability of each of the classification models.  
 Seasonal variations in the elemental composition of Snook otoliths were not found to 
occur in the 2007 Snook data collected from Lower Tampa Bay, except with respect to Mn:Ca, 
which was slightly elevated in dry-season otoliths. The general lack of significant shifts between wet 
and dry season samples suggests that pooling data across seasons does not introduce significant 
temporal bias into spatial models that rely on samples collected over the course of more than one 
season. In studies which use otolith chemistry as a tool for discerning habitat use, the chemical 
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fingerprint used to characterize a habitat area must represent the entire period of juvenile 
occupation, so that temporal variations do not confound the assignment of adults to their juvenile 
habitat (Elsdon et al. 2008). Because of this requirement, the occurrence of seasonal variations was 
of particular concern for Snook, which spawn throughout a protracted period, meaning that a 
single cohort of juvenile Snook typically occupies habitats throughout both the wet and dry 
seasons. Specifically, the lack of seasonal variations in Sr:Ca in Snook otoliths from the lower 
region may point towards a seasonally stable source for this element and, in turn, a reliable means 
of identifying Snook (and perhaps Red Drum as well) from this region throughout the entire year. 
It should be noted that, for all elements, seasonal variations may occur in other years and/or in 
the other regions of the Bay; however, for this study, there were insufficient archived juvenile 
otoliths available to undertake a more thorough seasonal analysis.  
 Inter-specific Variation. The degree of difference between elemental fingerprints of 
Common Snook and Red Drum otoliths collected from the same habitat was determined to be 
relatively high. Similar studies involving multiple species have generally found that the 
incorporation of specific elements into otoliths is species-specific (Brown 2006; Reis-Santos et al. 
2008; but see Jones et al. 2010). Comparisons of Snook and Red Drum otolith elemental data 
revealed highly distinct variations with respect to several elements. In three out of four 
comparisons made, Sr:Ca was found in higher levels in Snook otoliths, and in two of the four 
cases, Ba:Ca was higher in Red Drum otoliths. Several studies have noted that the geographic 
variations in otolith chemistry differ among species (Swearer et al. 2003; Reis-Santos et al. 2008; 
Chang and Geffen 2012; Carson et al. 2013) and that the physiological regulation of the elements 
within the bloodstream and endolymphatic fluid (surrounding the otolith), which varies from 
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species-to-species, is a likely determinant of the elements that are available for deposition onto the 
otolith material (Campana 1999). 
Conclusions: 
 There is a strong need for a means of directly quantifying the effectiveness of fish habitats, 
as such information would enable management agencies to more efficiently apply their limited 
resources to protecting those areas and features that prove most important in sustaining Common 
Snook and Red Drum stocks. This study has shown the spatial and temporal scales at which 
otolith elemental fingerprinting can be used to successfully distinguish the habitat regions 
occupied by juvenile Snook and Red Drum in the Tampa Bay estuary. As evidenced by the most 
successful two-region models generated for both species, Sr:Ca may have potential as a proxy for 
past exposure to varying salinities or otherwise distinct concentrations of Sr and Ca for multiple 
species that occur within Tampa Bay. Furthermore, the inter-seasonal stability of Sr:Ca for Snook 
otoliths within the lower region of the bay suggests that this elemental ratio may provide a robust 
tracer of habitat occupation across multiple seasons.  
 The lack of predictive ability in the tributary-scale models likely precludes their use for 
assigning adult fishes to their respective juvenile habitats. In addition, the relatively small number 
of tributaries sampled in this study (14 for Red Drum, 27 for Snook) represents roughly 10-20% of 
the available tributary habitats in Tampa Bay, and it would not be realistic to assume that these 
tributaries would adequately encompass the habitat origins of all adult Snook and Red Drum in 
Tampa Bay. Furthermore, with the number of tributaries that exist in Tampa Bay, it is extremely 
unlikely that any sampling effort would be able to accurately represent the chemical diversity that 
exists among all tributaries. Because the implementation of otolith elemental fingerprinting 
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requires that all potential sources of chemical variation be characterized at the spatial scale of 
interest, future studies employing these techniques to discern juvenile habitat occupation of 
similar species within Tampa Bay should focus on a spatial scale at which full sampling coverage is 
achievable (Elsdon et al. 2008). In the current study, the Pinellas peninsula was not well 
represented, particularly for Red Drum, which were not collected from this area at all. 
Additionally, the Lake Seminole Outfall along the western side of the Pinellas peninsula and the 
Alafia River were not represented in the chemical characterization of Tampa Bay for Snook, even 
though these areas may function as ‘primary’ areas of high juvenile Snook abundance (McMichael 
et al. 1989). Future studies that have the benefit of greater sample sizes may have success in 
identifying chemical variations on a finer geographic scale and additional sampling efforts may be 
required to ensure that all areas of the Bay are fully represented within the chemical map. 
 It may be possible to pool samples from different cohorts to produce a chemical map of 
Tampa Bay. However, the intricacies of chemical variation between regions may be blurred by a 
more generalized, multi-cohort chemical map. The lack of any significant inter-seasonal variation 
for the Snook otoliths was somewhat striking, especially for a species with such a protracted 
spawning and juvenile habitat occupation period (samples assessed were collected from June 
through February), and in a geographic location that typically experiences very distinct seasonal 
wet and dry weather patterns. Future studies seeking to generate a chemical map for species with 
protracted habitat occupation periods would be encouraged to perform similar seasonal 
comparisons at the spatial scale of interest, particularly for areas in the upper Bay that were not 
examined in this study due to insufficient sample sizes. A more thorough assessment of seasonal 
effects on otolith elemental composition would require the collection and analysis of sufficient 
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numbers of otoliths collected from the wet and dry seasons from the sites and years of interest. 
Further, to ensure that seasonal changes in hydrological conditions do not introduce temporal bias 
into the chemical map, otoliths representing juvenile habitats should be collected from throughout 
the entire period of time in which the cohort of interest occupies the habitats. If it is impossible to 
obtain samples from the entire temporal and/or spatial extent of habitat occupation by the species 
of interest, the utilization of the resulting chemical map (e.g., matching adults to their juvenile 
habitats) should be limited accordingly. 
 The majority of tidal tributaries in Tampa Bay, which are widely believed to function as 
essential juvenile habitat for Snook and Red Drum (and many other species), are not monitored 
regularly, and no attempts to directly quantify the contribution of juveniles from specific regions 
in Tampa Bay to adult populations have been made thus far. Results from this study may aid 
future research efforts by providing a robust and direct measure of the regional productivity of 
habitats within Tampa Bay that complements the more traditional indices of habitat performance 
(e.g., abundance) that are currently used to assess and prioritize the protection of sensitive habitat 
areas. Future related studies will hopefully benefit from the work conducted thus far, and will 
ultimately support the preservation and restoration of highly productive habitat areas within the 
Tampa Bay estuary. 
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Table 2.1. Juvenile Red Drum samples included in spatial, temporal, and interspecific analayses of 
otolith elemental fingerprints. Juveniles from the 2008 cohort were used for the spatial models 
(n=85); samples with ∞ were used to test inter-annual variation (n=47); all samples were used for 
the pooled-cohort spatial models (n=107); samples in bold were used in analyses that only included 
sites with at least 5 samples (n=81); samples with ‡ were used in inter-specific comparisons (n=25). 
 
Tributary/Region 2006 cohort 2008 cohort 
Mullet 
 
5 
Phillippe 
 
5 
Sweetwater 
 
5 
Mobbly 
 
5 
Bishop 
 
5 
Rocky 
 
5 
MacDill 
 
5 
Newman 
 
5‡ 
Archie 
 
5 
Hillsborough 
 
11 
McKay 
 
4 
Alafia 12∞ 10∞ 
Little Manatee 5∞‡ 10∞‡ 
Braden/Manatee 5∞‡ 5∞ 
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Table 2.2. Juvenile Common Snook samples included in spatial, temporal, and interspecific 
analayses of otolith elemental fingerprints. Juveniles from the 2007 cohort were used for the 
spatial models (n=114); samples with ∞ were used to test inter-annual variation (n=121); an 
additional ∞ indicates the samples used in inter-annual tests at the tributary scale (n=46); samples 
with * were used to test seasonal variation (n=71); all samples were used for the cohort-pooled 
spatial models except for Braden/Manatee (n=189) because this tributary was not represented in 
the 2007 cohort; samples in bold were used in analyses that only included sites with at least 5 
samples (n=81);  samples with ‡ were used in inter-specific comparisons. 
 
Tributary/Region 2006 cohort 2007 cohort 2008 cohort 2009 cohort 
Peanut   8*     
Clark 2∞  6*∞ 
 
  
Cockroach 
 
8* 
 
  
Dreadlock 4∞ 8*∞ 4∞   
Andrews 
 
7* 
 
  
Pretzel 4∞ 5*∞∞ 5∞∞   
Frog 
 
7* 
 
  
Little Manatee 13∞∞‡ 5*∞∞ 6∞∞‡   
Palma Sola 
 
8* 
 
  
Wares 
 
4* 
 
  
Cowen 
 
1* 
 
  
Booker 4∞ 3*∞ 
 
  
Salt   1*     
Hillsborough   3     
Archie 5∞∞ 7∞∞ 
 
  
Bullfrog 4∞ 1∞ 
 
  
Newman 4∞ 4∞ 6∞‡   
Delaney   1     
Moccosin 
 
1 
 
  
Mullet 
 
1 
 
  
Channel A 
 
2 
 
  
Wood 3∞ 2∞ 6∞   
Peppermound 
 
5 
 
  
Sweetwater 4∞ 3∞ 
 
  
Rocky 
 
7 
 
  
Tinney 1∞ 2∞ 
 
  
Picnic 
 
4 
 
  
Braden/Manatee 10‡   1 8 
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Table 2.3. A quantitative summary of MANOVA and CAP analyses on spatial models of Red Drum and Snook otolith elemental 
variability. 
 
 JUVENILE DATA INCLUDED df SS MS F-ratio p CAP-CV RDA-AIC ELEMENTS 
R
E
D
 D
R
U
M
 
2-regions, 2008 (n=85); see Fig. 2.3 1 52.91 52.91 9.7 0.001 87.06% Sr, Mn, Na, Ba, Li, V 
2-regions, pooled years 2006+2008 (n=107) 1 48.23 48.23 8.6 0.001 77.57% Sr, Mn, Na, Ba, Li, V 
3-regions, 2008 (n=85); see Fig. 2.4 2 74.19 37.09 5.9 0.001 65.88% Sr, P, Mn, Na, Cu, V, Cr 
3-regions, pooled years 2006+2008 (n=107) 2 81.20 40.60 6.4 0.001 66.36% Sr, P, Mn, Na, Cu, V, Cr 
14-tribs, 2008 (n=85); 13 157.13 12.09 4.8 0.001 30.59% Sr, Mn, Mg, Ni 
14-tribs, pooled years 2006+2008 (n=107) 13 155.06 11.93 4.1 0.001 37.38% Sr, Mn, Mg, Ni 
13-tribs, 2008, ≥5 samples (n=81) 12 152.32 12.69 4.9 0.001 30.86% Sr, Mn, Mg, Ni 
13-tribs, 2008, ≥5 samples, bootstrap (n=81); see Fig. 2.5 12 201.09 16.76 7.7 0.001 48.15% Sr, Mn, Mg, Ni 
13-tribs, pooled years 2006+2008, ≥5 samples, bootstrap (n=103) 12 162.23 13.52 5.2 0.001 38.83% Sr, Mn, Mg, Ni 
SN
O
O
K
 
2-regions, 2007 (n=114); see Fig. 2.8 1 32.82 32.82 45.8 0.001 76.32% Sr 
3-regions, 2007 (n=114); see Fig. 2.9 2 52.38 26.19 7.3 0.001 65.79% Sr, Co, Y, V 
3-regions, pooled years 2006+2007+2008 (n=189) 2 52.10 26.05 6.7 0.001 52.91% Sr, Co, Y, V 
27-tribs, 2007 (n=114) 26 276.77 10.65 5.3 0.001 30.70% Sr, Ba, Mn, Li 
27-tribs, pooled years 2006+2007+2008 (n=189) 26 394.54 15.18 7.7 0.001 31.22% Sr, Ba, Mn, Li 
12-tribs, 2007, ≥5 samples, (n=81) 11 194.48 17.68 9.3 0.001 51.85% Sr, Ba, Mn, Li 
12-tribs, 2007, ≥5 samples, bootstrap  (n=81); see Fig. 2.10 11 246.89 22.44 14.8 0.001 60.49% Sr, Ba, Mn, Li 
17-tribs, pooled years 2006+2007+2008, ≥5 samples, bootstrap  (n=168) 16 406.16 27.38 13.4 0.001 44.65% Sr, Ba, Mn, Li 
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Table 2.4. Results for two-way (site-by-year) MANOVA analyses on juvenile Red Drum. The ‘3 tributaries’ analysis included otolith 
elemental data (Sr:Ca, Mn:Ca, Mg:Ca, Ni:Ca) that maximized discrimination between tributaries with at least ≥5 samples in adjacent 
years (Alafia, Little Manatee, and Manatee/Braden). The ‘2 region’ analysis included otolith elemental data (Sr:Ca, Mn:Ca, Na:Ca, 
Ba:Ca, Li:Ca, and V:Ca) that maximized discrimination between the Upper vs. Lower regions.  
 
RED DRUM – TEMPORAL VARIATION:  TWO-WAY MANOVA 
SOURCE OF 
VARIATION 
df SS MS F p n 
3 tributaries 2 18.73 9.37 2.55 0.021 
n = 47 year 2 32.19 16.10 4.38 0.002 
tributary X year 4 5.62 1.40 0.38 0.929 
2-regions 1 16.14 16.14 2.63 0.017 
n = 47 year 2 34.82 17.41 2.83 0.002 
region X year 2 6.90 3.45 0.56 0.772 
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Table 2.5. Results for two-way (site-by-year) MANOVA analyses on juvenile Snook. The ‘2 region’ analysis included otolith elemental 
data (Sr:Ca) that maximized discrimination between the Upper vs. Lower regions. The ‘3 region’ analysis included otolith elemental data 
(Sr:Ca, Co:Ca, Y:Ca, V:Ca) that maximized discrimination between the Lower region, Old Tampa Bay, and Hillsborough Bay. The ‘3 
tributaries’ analysis included otolith elemental data (Sr:Ca, Ba:Ca, Mn:Ca, Li:Ca) that maximized discrimination between tributaries 
with at least ≥5 samples in adjacent years (Pretzel, Little Manatee, and Archie).  
 
RED DRUM – TEMPORAL VARIATION:  TWO-WAY MANOVA 
SOURCE OF 
VARIATION 
df SS MS F p n 
2 regions 1 10.25 10.25 19.17 0.001 
n = 121 year 2 10.37 5.18 9.69 0.001 
region X year 2 3.91 1.95 3.65 0.027 
3 regions 2 18.94 9.47 2.48 0.027 
n = 121 year 2 20.43 10.22 2.68 0.014 
region X year 4 11.91 2.98 0.78 0.668 
3 tributaries 2 49.16 24.58 15.24 0.001 
n = 46 year 2 12.91 6.45 4.00 0.001 
tributary X year 4 8.41 1.61 1.30 0.229 
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Table 2.6. Results for MANOVA analyses examining the inter-specific variation in otolith chemistry between Red Drum and Common 
Snook. 
 
INTER-SPECIES COMPARISONS:  MANOVA RESULTS 
TRIBUTARY COHORT df SS MS F p 
RDA-AIC 
ELEMENTS 
SPECIES 
SPECIES -ELEMENT 
RELATIONSHIPS 
Newman 2008 1 22.24 22.24 11.3 0.003 Sr, P, Na, U 
Red Drum (n=5) P 
Snook (n=6) Sr, Na, U 
Braden 2006 1 19.11 19.11 12.4 0.006 U, Sn, Mg 
Red Drum (n=5) U, Mg 
Snook (n=8) Sn 
Little 
Manatee 
2008 1 18.72 18.72 6.3 0.001 Sr, Ba, Zn, Sc 
Red Drum (n=10) Ba, Sc 
Snook (n=6) Sr, Zn 
Little 
Manatee 
2006 1 20.69 20.69 11.7 0.001 Sr, Ba, P 
Red Drum (n=5) Ba, P 
Snook (n=12) Sr 
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a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
b. 
 
 
 
Figure 2.1. Indices of abundance for the 1998 (gray dash) and 1999 (black dash) cohorts of Snook 
at age-0 (a) and age-3 (b), demonstrating that juvenile abundance does not necessarily correspond 
with recruitment in subsequent years. * 
*  Figures obtained from Ley et al. (2009) and originally based on unpublished background data from Muller 
and Taylor (2006). 
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Figure 2.2. Sample locations for the 2007 cohort of juvenile Common Snook. Gray dashed lines indicate geographic boundaries for the 
three-region model; black dashed line indicates geographic boundary for the two-region model. 
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Figure 2.3. Sample locations for the 2008 cohort of juvenile Red Drum. Gray dashed lines indicate geographic boundaries for the three-
region model; black dashed line indicates geographic boundary for the two-region model. 
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a.         b.  
 
 
 
 
 
 
 
 
     c. 
 
Figure 2.4. Canonical Analysis of Principal Coordinates (CAP) visualization of the chemical variation in juvenile Red Drum otoliths 
collected from the upper and lower regions of Tampa Bay (a). Vectors indicate magnitude and direction of variation between regions 
explained by elements measured in otoliths (b). Confusion matrix with the percentages of successful classification of fish to their known 
juvenile habitat region highlighted in yellow (c). 
RED DRUM - 2 REGIONS:  CAP-CV 
 LOWER TB UPPER TB 
LOWER TB 86.7% 13.3% 
UPPER TB 12.9% 87.1% 
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Figure 2.5. Mean otolith concentrations (expressed as elemental ratios to calcium) of the discriminatory elements used to distinguish 
upper and lower Tampa Bay in the two-region spatial model for juvenile Red Drum. Error bars indicate SE. 
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a.       b.  
 
 
 
 
 
 
 
    c. 
 
Figure 2.6. Canonical Analysis of Principal Coordinates (CAP) visualization of the chemical variation in juvenile Red Drum otoliths 
collected from three regions:  Old Tampa Bay, Hillsborough Bay, and lower Tampa Bay (a). Vectors indicate magnitude and direction of 
variation between regions explained by elements measured in otoliths (b). Confusion matrix with the percentages of successful 
classification of fish to their known juvenile habitat region highlighted in yellow (c). 
RED DRUM - 3 REGIONS:  CAP-CV 
 LOWER TB OLD TB HILLS 
LOWER TB 86.7% 0.0% 13.3% 
OLD TB 0.0% 66.7% 33.3% 
HILLS 17.5% 25.0% 57.5% 
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Figure 2.7. Mean otolith concentrations (expressed as elemental ratios to calcium) of the discriminatory elements used to distinguish 
Old Tampa Bay, Hillsborough Bay, and lower Tampa Bay in the three-region spatial model for juvenile Red Drum. Error bars indicate 
SE. 
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a.    b.  
 
Figure 2.8. Canonical Analysis of Principal Coordinates (CAP) visualization of the chemical variation in juvenile Red Drum otoliths 
collected from 13 tidal tributaries in Tampa Bay (bootstrapped data from tributaries with 5+ samples) (a). Vectors indicate magnitude 
and direction of variation between regions explained by elements measured in otoliths (b). Confusion matrix with the percentages of 
successful classification of fish to their known juvenile habitat region highlighted in yellow (c). 
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Figure 2.8c. See caption for Figure 2.5 on previous page. 
 
 
 
 
 
 
 
 
 
 
 
 
RED DRUM - TRIBUTARIES:  CONFUSION MATRIX OF CAP CROSS-VALIDATION RESULTS 
 
MacDill Mullet Phillippe Sweet Mobbly Newman Bishop Archie Rocky Hills Braden Lit Man Alafia 
MacDill 80% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 20% 
Mullet 0% 0% 20% 0% 0% 40% 0% 0% 0% 40% 0% 0% 0% 
Phillippe 20% 0% 60% 0% 0% 0% 0% 0% 20% 0% 0% 0% 0% 
Sweetwater 0% 0% 0% 60% 0% 0% 20% 0% 0% 20% 0% 0% 0% 
Mobbly 0% 0% 20% 0% 40% 0% 40% 0% 0% 0% 0% 0% 0% 
Newman 0% 20% 0% 20% 0% 0% 20% 0% 0% 20% 0% 0% 20% 
Bishop 0% 0% 0% 0% 0% 0% 80% 20% 0% 0% 0% 0% 0% 
Archie 0% 0% 0% 0% 0% 0% 20% 80% 0% 0% 0% 0% 0% 
Rocky 0% 0% 20% 20% 0% 0% 20% 0% 40% 0% 0% 0% 0% 
Hills 0% 18.2% 9.1% 0% 0% 27.3% 18.2% 9.1% 18.2% 0% 0% 0% 0% 
Braden 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 100% 0% 0% 
Lit Man 0% 10% 20% 0% 0% 0% 0% 0% 0% 0% 0% 70% 20% 
Alafia 0% 0% 0% 0% 0% 30% 0% 0% 0% 0% 0% 30% 40% 
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a.  b.   
 
 
 
 
 
 
    c. 
 
Figure 2.9. Canonical Analysis of Principal Coordinates (CAP) visualization of the chemical variation in juvenile Common Snook 
otoliths collected from the upper and lower regions of Tampa Bay (a). Vectors indicate magnitude and direction of variation between 
regions explained by elements measured in otoliths (b). Confusion matrix with the percentages of successful classification of fish to their 
known juvenile habitat region highlighted in yellow (c). Y:Ca was not included in the classification model, as it did not improve 
performance of the model. 
SNOOK - 2 REGIONS:  CAP-CV 
 LOWER TB UPPER TB 
LOWER TB 78.9% 21.1% 
UPPER TB 27.9% 72.1% 
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Figure 2.10. Mean concentrations (expressed as elemental ratios to calcium) of the discriminatory elements used to distinguish upper 
and lower Tampa Bay in the two-region spatial model for juvenile Snook. Error bars indicate SE. 
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a.   b.  
 
 
 
 
 
 
 
         c. 
 
Figure 2.11. Canonical Analysis of Principal Coordinates (CAP) visualization of the chemical variation in juvenile Common Snook 
otoliths collected from three regions:  Old Tampa Bay, Hillsborough Bay, and lower Tampa Bay (a). Vectors indicate magnitude and 
direction of variation between regions explained by elements measured in otoliths (b). Confusion matrix with the percentages of 
successful classification of fish to their known juvenile habitat region highlighted in yellow (c). 
SNOOK - 3 REGIONS:  CAP-CV 
 LOWER TB OLD TB HILLS 
LOWER TB 78.9% 2.8% 18.3% 
OLD TB 29.6% 55.6% 14.8% 
HILLS 43.8% 31.3% 25.0% 
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Figure 2.12. Mean concentrations (expressed as elemental ratios to calcium) of the discriminatory elements used to distinguish Old 
Tampa Bay, Hillsborough Bay, and lower Tampa Bay in the three-region spatial model for juvenile Snook. Error bars indicate SE. 
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a.        b.                                                                                                               
 
Figure 2.13. Canonical Analysis of Principal Coordinates (CAP) visualization of the chemical variation in juvenile Common Snook 
otoliths collected from 12 tidal tributaries in Tampa Bay (bootstrapped data from tributaries with 5+ samples) (a). Vectors indicate 
magnitude and direction of variation between regions explained by elements measured in otoliths (b). Confusion matrix with the 
percentages of successful classification of fish to their known juvenile habitat region highlighted in yellow (c). 
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Figure 2.13c. See caption for Figure 2.10 on previous page. 
 
 
 
 
 
 
 
 
 
 
 
 
SNOOK - TRIBUTARIES:  CONFUSION MATRIX OF CAP CROSS-VALIDATION RESULTS 
 
Peanut Cockroach Dreadlock Andrews Pretzel 
Palma 
Sola 
Pepper Rocky Lit Man Frog Archie Clark 
Peanut 100% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
Cockroach 0% 37.5% 0% 25% 12.5% 0% 0% 0% 0% 25% 0% 0% 
Dreadlock 0% 0% 87.5% 0% 12.5% 0% 0% 0% 0% 0% 0% 0% 
Andrews 14.3% 42.9% 14.3% 0% 14.3% 0% 0% 0% 14.3% 0% 0% 0% 
Pretzel 0% 0% 0% 20% 80% 0% 0% 0% 0% 0% 0% 0% 
Palma Sola 12.5% 12.5% 0% 12.5% 12.5% 0% 0% 0% 0% 0% 12.5% 37.5% 
Pepper 0% 0% 0% 0% 0% 0% 100% 0% 0% 0% 0% 0% 
Rocky 0% 0% 0% 0% 0% 0% 0% 100% 0% 0% 0% 0% 
Lit Man 0% 0% 0% 0% 0% 0% 0% 0% 100% 0% 0% 0% 
Frog 0% 14.3% 0% 0% 0% 0% 0% 0% 14.3% 71.4% 0% 0% 
Archie 14.3% 0% 0% 0% 0% 0% 0% 14.3% 0% 0% 57.1% 14.3% 
Clark 16.7% 16.7% 0% 0% 0% 66.7% 0% 0% 0% 0% 0% 0% 
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Figure 2.14. Interaction plot showing the relationship between the region from which juvenile 
Snook were collected (Upper or Lower) and the year in which the fish were collected (2006, 2007, 
and 2008). Sr:Ca values were natural log-transformed and standardized to Z-scores prior to 
analyses. 
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a.    b.  
 
Figure 2.15. CAP visualization of the otolith elemental chemistry variations between juvenile Snook and Red Drum collected at the 
Newman site in 2008 (a), and elements used to distinguish the two species (b). 
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a.        b.  
 
Figure 2.16. CAP visualization of the otolith elemental chemistry variations between Snook and Red Drum collected at the Braden site 
in 2006 (a), and elements used to distinguish the two species (b). 
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a.   b.  
 
Figure 2.17. CAP visualization of the otolith elemental chemistry variations between Snook and Red Drum collected at the Little 
Manatee site in 2008 (a), and elements used to distinguish the two species (b). 
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a.    b.  
 
Figure 2.18. CAP visualization of the otolith elemental chemistry variations between Snook and Red Drum collected at the Little 
Manatee site in 2006 (a), and elements used to distinguish the two species (b). 
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CHAPTER THREE: 
RESOLVING THE HABITAT USE AND CONNECTIVITY OF THE COMMON SNOOK 
(CENTROPOMUS UNDECIMALIS) AND RED DRUM (SCIAENOPS OCELLATUS) IN THE 
TAMPA BAY ESTUARY USING OTOLITH ELEMENTAL FINGERPRINTING 
 
Introduction: 
For many fish species, estuaries play an important role during the juvenile, sub-adult, and 
adult life stages, and conditions experienced while occupying these habitats can have considerable 
effects on the overall dynamics of adult populations (Able 2005; Houde 2008). Understanding the 
habitat use patterns and habitat connectivity throughout these ontogenetic life stages is necessary 
to assess the structure and dynamics of fish populations and identify the areas and features that 
function most effectively in sustaining them (Beck et al. 2001; Dahlgren et al. 2006). The need for 
such information is especially urgent because, although the historically overfished status of species 
such as Common Snook (Centropomus undecimalis) and Red Drum (Sciaenops ocellatus) has been 
largely attributed to intense exploitation and complex life histories, the continued degradation of 
essential habitat is believed to be one of the major threats to sustaining these and other fisheries in 
the future (Lewis and Estevez 1988; Lewis and Robison 1996; Kennish 2002; Lotze et al. 2006; 
Barbier et al. 2010). 
Certain estuarine habitats, such as tidal tributaries, secondary embayments, and backwater 
ponds, are thought to represent a key bottleneck in the population success of many species, as they 
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provide early life-stage fishes with structural refuge from predation, a source of primary and 
secondary production, and often lower salinities that may provide a physiologically less demanding 
environment (Lankford and Targett 1994; Swanson 1998; Beck et al. 2001). Within the Tampa 
Bay Estuary, more than 150 such areas potentially function as juvenile habitat for Common Snook 
and Red Drum (Greenwood et al. 2008a), and it is reasonable to assume that some of these may 
contribute disproportionately large numbers to fished populations, while others act as ‘sinks’, and 
make little, if any contribution to the fished populations (Beck et al. 2001; Dahlgren et al. 2006). 
Although previous studies on the Common Snook (hereafter ‘Snook’) and Red Drum have 
provided clues as to which habitats serve to enhance fisheries in Tampa Bay, the areas and features 
which ultimately promote the most successful recruitment of juveniles to the sub-adult and adult 
populations remain unresolved. 
Commonly associated with red mangroves and other forms of submerged and overhanging 
structure, the juvenile Snook tolerates a broad suite of habitat conditions, ranging from highly 
altered to nearly pristine (Krebs et al. 2007; Greenwood et al. 2008b), but is often strongly 
associated with moderately sloped mud or sand bottom and calm, clear waters (Haddad et al. 1992; 
Peters 1998; Greenwood et al. 2008b). Video and seining observations have shown that post-larval 
Snook settle and form loose aggregations within these juvenile habitats at a very small size (6.7 - 7.2 
mm SL) (Haddad et al. 1992) and tend to disperse to more open-bay habitats as they grow larger 
(Stevens 2007; Greenwood et al. 2008b; Winner et al. 2010). Monitoring surveys have indicated 
that the spatial distribution of Snook less than 350mm SL collected from throughout Tampa Bay 
was generally concentrated in the southeastern region of the bay, with more diffuse distribution 
occurring along the Pinellas peninsula and the eastern shoreline of Old Tampa Bay (Winner et al. 
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2010). Relatively fewer fish were collected along the eastern shoreline of Hillsborough Bay, and the 
western shorelines of both the Hillsborough and Old Tampa Bays were effectively devoid of fish in 
this size class. While these apparent distribution patterns could be attributed to the inability of 
large Fisheries Independent Monitoring (FIM) boats to access certain small, potentially abundant 
habitat areas, a similar pattern of juvenile Snook distribution was observed in another recent 
survey that included many of these otherwise un-sampled, inaccessible tidal tributaries in Tampa 
Bay (Greenwood et al. 2008a and b). These studies also noted the occurrence of juveniles in much 
higher abundance on the eastern shoreline of the bay and in notably lower abundance along the 
western shore of Old Tampa Bay. As suggested by these latter reports, such distributional patterns 
may be influenced by estuarine circulation patterns that direct larvae from spawning locations near 
passes or the mouth of the bay to juvenile habitats along the eastern shorelines (Weisberg and 
Zheng 2006). Alternatively, a recent study by Burghart et al. (2014) suggests that in at least some 
areas of the bay, Snook may circumvent the potentially lengthy and energy-expensive planktonic 
transport of late stage larvae by spawning very close to mangrove fringe, such that eggs and larvae 
are washed directly into the mangrove shoreline upon flood tides. 
Snook are known to expand their spatial distribution and become less habitat-specific as 
they grow, likely in response to an attenuated tolerance to low dissolved oxygen and the need for 
larger prey (Peterson and Gilmore 1991; Taylor et al. 1998; Stevens 2007; Greenwood et al. 
2008b; Winner et al. 2010; Barbour and Adams 2012). Length-frequency analyses of Snook have 
indicated that smaller juvenile Snook (< 150mm SL)  tend to occupy remote termini of backwater 
areas, while larger juveniles (ca. 150-350mm SL) are more typically found at the entrances to these 
habitats (Stevens 2007; Greenwood et al. 2008b; Winner et al. 2010). One recent tag-recapture 
77 
 
and telemetry study in Charlotte Harbor (Barbour and Adams 2012) documented evidence of 
ontogenetic transitions of Snook to adult habitats that are in proximity to their juvenile habitat, 
which, along with the high degree of spawning site fidelity observed in the same study, may suggest 
a sub-estuary population structure for Snook. Importantly, while the study was able to discern 
patterns of ontogenetic habitat connectivity, the use of artificial tagging methods proved inefficient 
for this purpose (only 0.1%-0.15% of tagged juveniles were re-captured or re-sighted as adults), 
highlighting the need for a more efficient approach to assessing habitat connectivity for this 
species. 
Juvenile Red Drum (<100 mm SL) are commonly found throughout Tampa Bay in rivers, 
tidal creeks, and canals that have a freshwater influence and a soft-bottom, mud-sand substrate 
(Peters and McMichael 1987). Evidence of vertical movements in response to tidal cues suggests 
that pre-settlement larvae may use selective tidal stream transport to seek out these areas (Holt et 
al. 1989). In general, juvenile Red Drum settling in estuaries throughout the Gulf of Mexico have 
demonstrated higher growth rates in vegetated seagrass and saltmarsh habitats compared with 
those in non-vegetated or oyster habitats (Stunz et al. 2002a; Stunz et al. 2002b). In Tampa Bay, 
tidally influenced backwater areas have been shown to harbor larger and more abundant juvenile 
Red Drum than seagrass habitats (Peters and McMichael 1987). Juveniles are predominantly 
distributed in backwater habitats in the upper and middle regions of Tampa Bay, while sub-adults 
are typically found in backwater areas (though much less concentrated than smaller juveniles), 
seagrass flats, vegetated shorelines (e.g., mangrove, salt marsh), and oyster bars throughout the bay 
(Peters and McMichael 1987; Wenner 1992; Stunz et al. 2002a)  
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The tendency for Red Drum to expand their home range as they increase in size and age 
has been noted in several studies. Peters and McMichael (1987) found that 90% of small juveniles 
(15-59 mm SL) were located in backwater areas while larger juveniles (60-134 mm SL) were more 
dispersed throughout the bay. One recent tag-recapture study conducted on 314 sub-adult Red 
Drum in Tampa Bay revealed that the majority of individuals (68%) were re-captured within five 
kilometers of their tagging location, and a significant proportion (26%) were re-captured within 
one kilometer of their tagging location (Switzer et al. 2009). The same study also found that 7% of 
tagged individuals moved more than thirty kilometers from their initial tagging location, and two 
individuals were even re-captured at the entrance to the Charlotte Harbor estuary, more than 100 
kilometers south of their initial tagging location. More recently, Flaherty et al. (2013) observed size-
specific variations in the spatial distributions of Red Drum, with smaller individuals being 
collected near low salinity backwater areas, and larger individuals (>457 mm SL) generally found 
near the inter-bay peninsula (area that separates Old Tampa Bay and Hillsborough Bay) and the 
mouth of the bay in association with open seagrass flats in those areas.  
 Despite the acknowledgement that estimating juvenile habitat effectiveness and habitat 
connectivity between life stages is essential for effectively managing fish populations, information 
on fish habitat use patterns and movements for such purposes is lacking, likely due to the difficulty 
of directly quantifying the performance of habitats based on the output of successful fish (Beck et 
al. 2001; Dahlgren et al. 2006). As referenced above, artificial tagging methods, particularly those 
applied to juvenile life-stage fishes are often accompanied by high mortality rates of small juvenile 
fishes, low recapture rates, and high cost. As such, there is a need for a more effective means of 
gauging the juvenile habitat use of important fish stocks in Tampa Bay. As an alternative to 
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artificial tagging approaches, scientists are increasingly using elemental signatures contained within 
fish otoliths to track the contributions of juveniles from various habitats to adult fish stocks 
(Chittaro et al. 2009; Thorisson et al. 2011; Veinott et al. 2012) as well as the movements between 
habitats throughout multiple life stages (Rooker et al. 2010; Di Franco et al. 2012; Chittaro et al. 
2013). The chemical composition of the otolith acts as a natural tag, reflecting the occupation of 
different water bodies, and can thus be used as a natural tag to distinguish the occupation of 
distinct geographic areas (Campana 1999; Campana et al. 2000; Elsdon et al. 2008). 
 The goal of this research was to use otolith elemental fingerprints to elucidate the relative 
importance of juvenile Snook and Red Drum habitat areas within Tampa Bay, and to assess the 
degree of dispersal from these habitat areas in subsequent life stages. Such information regarding 
habitat use during the juvenile, sub-adult, and adult life stages may ultimately aid resource 
managers in effectively prioritizing the conservation and restoration of prime estuarine habitats 
and their associated features. Specifically, the core portions (corresponding with the juvenile 
period) of sub-adult and adult otoliths of Snook and Red Drum collected from throughout Tampa 
Bay were analyzed for their elemental composition to obtain a juvenile elemental fingerprint for 
each fish. These elemental fingerprints were then matched to the most likely juvenile habitat 
occupied, as previously characterized using otolith elemental fingerprints of juveniles occupying 
those habitats (see Chapter Two of this dissertation), and the proportions of the mixed stock 
assigned to each habitat area were determined (i.e., mixing proportions). The degree of habitat 
connectivity among the juvenile, sub-adult, and adult life stages of Snook and Red Drum was 
examined by comparing the collection location for each sub-adult/adult fish to the juvenile habitat 
region to which it was assigned.  
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Methods: 
 Field Sampling. Building upon previous work which generated a chemical characterization 
of the upper and lower regions of Tampa Bay (see Chapter Two), sub-adults and adults were 
collected with the intention of matching the elemental signature from the juvenile portions of 
their otoliths to those of their most probable region of juvenile habitat occupancy. Table 3.1 
summarizes the sub-adult and adult Red Drum and Snook samples that were included in the 
study. All sub-adult/adult Red Drum and Snook used in this study are listed (with un-shaded 
background) in Tables AA.1 & AA.2. Figure 1 shows the sample collection sites for all sub-adult 
and adult specimens used in the study. The majority of sub-adult and adult fish was obtained 
during regular FIM monitoring efforts, using either a 21.3m center bag seine (for smaller 
specimens) or a 183m haul seine (for larger specimens), and during directed sampling trips using a 
183m trammel net. Sub-adult and adult Snook corresponding to the 2007 cohort and Red Drum 
corresponding to the 2008 cohort were collected from 4 sub-regions of the Bay (Old Tampa Bay, 
Hillsborough Bay, Eastern lower bay, and Western lower bay; Figure 3.1), with a goal of 20 adult 
fish per sub-region, per species (n = 80 for each species). A total of 56 Snook and 80 Red Drum 
were collected from throughout Tampa Bay between 2009 and 2012. Whole fish were placed on 
ice until otoliths could be extracted later the same day, and then stored in vials until further 
cleaning. 
 Sample Preparation. All otolith preparation was conducted using trace-metal grade 
materials and methods, following the same procedures described in Chapter Two of this 
dissertation. 
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 Chemical Analyses. All chemical analyses were conducted following the same operating 
parameters described in Chapter Two of this dissertation. Various combinations of settings for 
laser spot size and frequency were compared prior to otolith analyses. In order to acquire the 
juvenile elemental fingerprints of the adult otoliths, it was necessary to identify the area within the 
core region that corresponded to the elemental fingerprints acquired during the juvenile period in 
specimens previously used to characterize the upper and lower regions of Tampa Bay. To 
accomplish this, the core-to-edge distances were measured for each juvenile otolith using a 
compound microscope and PaxCam™ imaging software; the complete range of core-to-edge 
distances was determined and used to delineate the ‘core region’ for analysis within the sub-
adult/adult otoliths of each species. For each adult otolith, a series of spots was ablated along a 
transect, the length of which corresponded to the ‘core region’ for that species (Figure 3.2). 
 For Snook, 10 spots (50µm each) were ablated sequentially from 120µm - 620µm from the 
otolith core, as these were the smallest and largest core-to-edge distances for the juvenile Snook 
otoliths previously analyzed. For Red Drum, 20 spots (50µm each) were ablated sequentially from 
500µm - 1500µm from the otolith core, as these were the smallest and largest core-edge distances 
for the juvenile Red Drum otoliths previously analyzed. Finally, a single elemental fingerprint 
representing the juvenile period of each adult fish was generated by averaging the data acquired 
from each spot along the transects that fell within 1 standard deviation of the mean of all spots 
from the transect. In this way, the full range of chemical signatures acquired in juvenile otoliths 
was considered in adult otoliths. All adult spot analyses were conducted using the same LA-ICP-
MS settings as for juvenile otoliths. 
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 General Approach and Statistical Analyses. The Fathom Toolbox for Matlab was used for 
all statistical analyses (Jones 2012; Jones 2014). Data were natural log transformed (x’ = ln(x + 1)) 
prior to analyses to place all variables on similar scales and non-parametric (permutation-based) 
statistical methods were applied to all data in order to avoid assumptions of normality.  
 Sub-adult and adult samples were assigned to their most probable juvenile habitat region 
using a combined Canonical Analysis of Principal Coordinates – Maximum Likelihood Estimator 
approach (CAP-MLE) developed specifically for this study. Based on the previously defined two-
region classification models for each species (see Chapter Two), CAP was used to generate 
posterior probabilities, representing the uncertainty of each fish having originated from each 
region, by minimizing the inter-point distances between the elemental fingerprints of sub-
adults/adults and the elemental fingerprints of juvenile fish used to represent each region 
(Anderson and Robinson 2003; Anderson and Willis 2003). Based on the CAP-generated results, 
the means of the PP values were used in a MLE to calculate distance-based log-likelihoods for the 
elemental fingerprint of each individual sub-adult/adult. These likelihoods were then entered into 
an Expectation Maximum (EM) algorithm to iteratively estimate the mixing proportions (theta, θ) 
for each region, representing an overall quantification of the relative contribution of juveniles 
from each site to the sub-adult/adult populations in Tampa Bay (Millar 1987). The ontogenetic 
habitat connectivity of Snook and Red Drum was quantified by calculating the percentage of sub-
adults and adults that remained in the same region in which they were determined to have spent 
their juvenile period. 
 Prior to assigning sub-adults/adults to their most probable region of origin, otolith 
elemental data were quantitatively assessed for their potential to have originated from an area 
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other than the two regions defined in the classification model. To identify potential ‘out-group’ 
specimens, statistical distances of each sub-adult/adult elemental fingerprint were compared to the 
centroid of the regional group to which it was assigned. If this distance was greater than the 
greatest juvenile-to-centroid distance observed within the classification group, then that sub-
adult/adult otolith was assumed to have potentially originated from an area that was not 
represented by the classification model that was developed using the juvenile otoliths (Di Franco et 
al. 2012). Only 2.5% of the sub-adult Red Drum otoliths (two individuals) and 1.8% of the sub-
adult/adult Snook otoliths (one individual) were found to have potentially been from an un-
sampled region in the study area. Data for out-group sub-adult/adult specimens were not included 
in subsequent habitat assignment or habitat connectivity analyses so as to avoid potentially biasing 
contribution estimates by un-sampled areas of the bay. Such a small percentage of out-group fish 
suggests that the two-region classification model likely represented the entire pool of juvenile 
habitats. 
 
Results: 
 Otoliths from sub-adult and adult Red Drum and Snook were assigned to their most 
probable habitat area of origin using the two-region spatial model, which had previously proven to 
be most successful in classifying known-origin juveniles (see Chapter Two). Tables 3.2a and 3.2b 
summarize the relative mixing proportions (θ) of sub-adults and adults assigned to each region 
using a maximum likelihood estimator based on the posterior probabilities generated by CAP 
(CAP-MLE). Red Drum sub-adults were overwhelmingly assigned to the upper Tampa Bay region, 
with 65 out of the 78 sub-adults originating there (CAP-MLE θ=.83). The remaining 13 sub-adult 
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Red Drum were determined to have most likely originated in the lower Tampa Bay region (CAP-
MLE θ=.17). In contrast, the majority of sub-adult and adult Snook were assigned to habitats in 
the lower Tampa Bay region, with 33 of the 55 sub-adult/adult individuals originating there (CAP-
MLE θ=.60). The remaining 22 sub-adult/adult Snook were determined to have originated from 
habitats in the upper Tampa Bay region (CAP-MLE θ=.40). 
 The majority of sub-adult and adult Snook and Red Drum were collected in the same 
region in which they were determined to have originated from, indicating some level of site fidelity 
to juvenile habitat areas. Tables 3.2a & 3.2b summarize the percentages of sub-adults and adults 
that either emigrated from or remained in their juvenile habitat region. For Red Drum, of those 
assigned to juvenile habitats in the upper Tampa Bay region, 77% (50 out of 65) were also 
collected there as sub-adults, while those assigned to juvenile habitats in the lower region 
demonstrated less fidelity to their juvenile habitat region of origin (62%; 8 out of 13 were retained 
in lower region). Overall, 74% of Red Drum sub-adults were collected in the same region from 
which they were determined to have originated (Figures 3.3a & 3.4). Of the Snook assigned to 
juvenile habitats in the lower Tampa Bay region, 73% (24 out of 33) were also collected there as 
adults. Of the Snook assigned to juvenile habitats in the upper Tampa Bay region, 55% (12 out of 
22) were also collected there as adults. Overall, 65% (36 out of 55) of adult Snook were collected 
in the same region in which they resided as juveniles (Figures 3.3b & 3.5). While less straying 
might be expected from smaller individuals that have only recently begun to egress from their 
juvenile habitat, sizes of sub-adults and adults that emigrated versus those that remained in their 
juvenile habitat region were significantly different (one-way ANOVAs; p>0.05).  
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Discussion:  
 Assignment of sub-adult and adult fish to their most probable region of origin revealed that 
Snook originated from juvenile habitats throughout the bay, but were predominantly associated 
with habitats in the lower region, while Red Drum sub-adults originated primarily from juvenile 
habitats in the upper region of Tampa Bay. The patterns of habitat use revealed by this study 
highlight important aspects regarding the ecology of both species. The upper and lower regions of 
Tampa Bay have distinctly different habitat types, water quality characteristics, nutrient dynamics, 
and degrees of anthropogenic alteration (Lewis and Estevez 1988; Lewis and Robison 1996; Xian 
et al. 2007; Karlen et al. 2008) and the differential use of these regions by juvenile Snook and Red 
Drum likely reflects the different life history strategies of these species.  
 The findings from this study with respect to Snook are supported by previous monitoring 
efforts of juvenile Snook abundance in Tampa Bay which revealed that small Common Snook (< 
350 mm SL) were more abundant in the lower region of Tampa Bay, particularly between the 
Little Manatee River and the mouth of the bay, with lower abundances in Old Tampa Bay and 
much lower abundances in Hillsborough Bay (Winner et al. 2010). The diffuse, bay-wide 
contributions of juvenile Snook to the sub-adult/adult population observed in this study may 
reflect this species’ ability to adapt to a variety of habitat conditions during the juvenile stage, a life 
history strategy that is particularly advantageous for a species that completes its entire life cycle 
within a dynamic estuarine setting, and that (in this case) occurs at the northern extreme of its 
range. Indeed, juvenile Snook have demonstrated significant habitat specificity with respect to 
several habitat characteristics, preferring low velocity currents, submerged and overhanging cover, 
and moderately-sloped bottoms (McMichael et al. 1989; Haddad et al. 1992; Peters 1998; Krebs et 
86 
 
al. 2007; Greenwood et al. 2008a and b). However, the Snook has also shown significant 
adaptability in terms of various physico-chemical properties (e.g., salinity) and habitat types (e.g., 
altered versus pristine) encountered during the juvenile stage (Krebs et al. 2007). The habitat 
plasticity of juvenile Snook is also apparent in the species’ protracted spawning throughout the 
year (Taylor et al. 1998) and the resultant varied conditions and habitats that larvae and post-
settlement juveniles are exposed to depending upon the location of spawning with respect to tidal, 
baroclinic, and wind-driven circulation patterns (Weisberg and Zheng 2006; Greenwood et al. 
2008b). Such spatial and temporal variability in spawning and dispersal of eggs and larvae to 
juvenile habitats necessitates a significant degree of habitat plasticity on behalf of juveniles to 
ensure the long-term success of the species. This adaptive life history strategy, coupled with the 
seasonally variable source of eggs and larvae, may provide an explanation for the broadly 
distributed source of juveniles that contributed to the sub-adult and adult Snook population 
observed in this study (40% from the upper region, 60% from the lower region).  
 The slightly higher contribution of juvenile Snook from the lower Tampa Bay region (60%) 
may be attributed to the more extensive submerged and overhanging structure provided by 
increased mangrove coverage along the southeastern shoreline of the lower region in proximity to 
areas where major spawning activity is known to occur (e.g., Rattlesnake Key, Port Manatee). In 
addition, one recent study found that in at least one area in southeastern Tampa Bay (Terra Ceia), 
spawning activities may be localized near the mangrove shoreline, such that eggs and larvae are 
retained within this region (Burghart et al. 2014). Habitats in the upper region of Tampa Bay 
contributed a notable proportion of juvenile Snook to the sub-adult/adult population (40%). Pre-
spawning aggregation areas such as Weedon Island, located just south of Old Tampa Bay may be a 
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major source of juveniles to the upper region, where substantial mangrove coverage and freshwater 
tributaries on the southwestern and northeastern shorelines of Old Tampa Bay could provide 
suitable habitat for newly settled Snook. While it was not possible to reliably differentiate Snook 
originating from Old Tampa Bay versus Hillsborough Bay using otolith chemistry, the relative 
scarcity of mangrove habitat and relatively low abundance of Snook in the Hillsborough Bay 
suggest that the majority of successful juveniles from the upper bay region may have originated 
from Old Tampa Bay. Similarly, the eastern and western shorelines of the lower region have very 
different characteristics, with the eastern shoreline having considerably more mangrove coverage 
and higher abundances of juvenile Snook than the more urbanized western shoreline (Xian et al. 
2007; Winner et al. 2010). Clearly, additional work is needed to resolve the chemical distinctions 
that occur on a sub-regional spatial scale (e.g., Old Tampa Bay vs. Hillsborough Bay and 
southwestern vs. southeastern coasts of lower Tampa Bay) so that assignment to juvenile habitats 
can be made on a finer scale.  
 In contrast to Snook, the majority of Red Drum was determined to have originated from 
the upper region. Because Red Drum spawn near the mouth of the bay (Peters and McMichael 
1987; although some spawning within the bay has been suggested, see Murphy 1990) and eggs and 
larvae are broadly dispersed to bay shores, it is unlikely that such a significant juvenile contribution 
from the upper region was the result of eggs and larvae being dispersed almost exclusively to this 
region, essentially bypassing the lower region altogether. Rather, the overwhelming majority of Red 
Drum originating from the upper region may suggest a strong reliance on certain habitat features 
associated with this region that support their early life history strategy of rapid growth. Selection 
for a rapid growth life history strategy during the larval and juvenile life stages may result in 
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enhanced condition, reduced vulnerability to predation, and ultimately, greater survival of 
juveniles (Houde 1987; Meekan and Fortier 1996; Meekan et al. 2006). Red Drum grow rapidly 
during their first several years of life (Murphy 1990), and reach approximately 300 mm SL by the 
end of their first year (Peters and McMichael 1987). Upon dispersal to shorelines, larvae settle into 
turbid, low-salinity habitats where they rely on their olfactory senses to forage for copepods, 
mysids, and amphipods and, as they grow larger (ca. 75 mm SL), begin to transition to seagrass or 
oyster beds and seek out larger prey, such as fish, shrimp, and crabs (Peters and McMichael 1987). 
The generally higher retention of organic matter and associated primary and secondary 
productivity in the upper region of Tampa Bay (Lewis and Estevez 1988) may provide a more 
suitable growth environment for Red Drum relative to the generally more dynamic and extensively 
flushed habitats in the lower region. In support of this, a generally decreasing gradient in the 
abundance of benthic taxa from the upper to lower bay is known to occur, with particularly 
distinct differences between Old Tampa Bay and the mouth of the bay (Karlen et al. 2008). In 
addition to the enhanced productivity in the upper bay, juvenile habitats in this region may also 
provide lower risk of predation (e.g., more turbidity), lower metabolic cost (e.g., from lower 
salinities), and/or greater availability of, or accessibility to, habitats and foraging grounds used in 
subsequent life stages (e.g., sea grass flats and oyster bars). The differential contribution of 
juveniles from the upper region compared with the lower region is very likely a result of a 
multitude of factors acting to promote the optimal growth and survival of Red Drum juveniles.  
 A more complete explanation for the disproportionately large contribution of juvenile Red 
Drum from the upper region is needed. If a growth differential does exist between the upper and 
lower regions of Tampa Bay, knowledge of this could provide important baseline information for 
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future studies that wish to determine whether faster growing Red Drum from the upper region 
may have different reproductive life spans, ages at maturity, and/or annual reproductive outputs 
compared to slower growing juveniles from the lower region. If the relatively small proportion of 
Red Drum originating from juvenile habitats in the lower bay were ultimately providing the 
spawning stock with a unique set of reproductive traits, this could provide some degree of plasticity 
to the overall population originating from Tampa Bay.   
 In addition to understanding the relative importance of juvenile habitat areas in sustaining 
fish populations, determining the extent of dispersal throughout various life history stages is 
crucial for the effective spatial management of a species and its essential habitats. Within the 
Tampa Bay estuary, the majority of both Snook (63%) and Red Drum (74%) sub-adults and adults 
were collected from the same region in which they were determined to have originated, possibly 
suggesting a certain degree of philopatry for these species. Moreover, areas determined to have a 
higher degree of juvenile retention were also those areas found to contribute the majority of 
juveniles to the sub-adult and adult populations, suggesting that these regions may offer some 
advantage to both the juvenile and subsequent life stages.  
 For Snook, the greater retention of juveniles in the lower region (73% in the lower 
compared with 55% in the upper) and emigration of nearly one half of the juveniles from the 
upper to the lower region may be indicative of movements to join pre-spawning aggregations, 
which may be more prevalent in the lower region where higher salinities may promote Snook egg 
viability (Ager et al. 1976). All Snook (except for one individual) that emigrated from the upper to 
the lower region were collected during the spawning season (May - October), and all were collected 
near known pre-spawning and/or spawning aggregation sites (e.g., Weedon Island, Rattlesnake 
90 
 
Key, Bishop Harbor), suggesting that these fish may have left their juvenile habitat region to join in 
pre-spawning activity. The single immigrant Snook (501 mm SL) that was collected outside of the 
spawning season in the lower region was found, presumably overwintering, further up in the 
Manatee River during February. Similarly, many of the Snook that emigrated from the lower to the 
upper region were found near areas of presumed spawning activity (e.g., Weedon and Picnic 
Islands), albeit within a broader temporal range (April - November). Four of the individuals that 
moved from the lower to the upper region were collected in areas of the Hillsborough (three 
Snook) and Old Tampa Bays (one Snook) that are not known to be associated with spawning 
activity, suggesting that these areas may offer some advantage to Snook during post-juvenile life 
stages.  
 Of the relatively few Red Drum determined to have originated from juvenile habitats in 
the lower region (n = 13), a significant proportion were found to have migrated to habitats in the 
upper region as large juveniles and sub-adults (5 out of 13; 297 – 578 mm SL). In contrast, out of 
the 65 adults determined to have originated from habitats in the upper region, relatively few (n = 
15; 251 – 537 mm SL) emigrated to the lower region. Such clear preference for habitats in the 
upper region, as evidenced by the retention and immigration of individuals there, supports the 
notion that certain features in the upper bay provide benefits for both the juvenile and sub-adult 
life stages of Red Drum. Previous studies have observed that Red Drum in Tampa Bay generally 
move out of their primary juvenile habitats and into large expanses of seagrass flats near the 
interbay peninsula and the mouth of the bay as they grow to maturity, eventually leaving the bay to 
join spawning aggregations in nearshore waters (Peters and McMichael 1987; Switzer et al. 2009; 
Flaherty et al. 2013). Indeed, Red Drum have been found to migrate up-estuary as well, although 
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this movement pattern was observed much less frequently (Switzer et al. 2009). The present study 
supports both up-estuary and down-estuary movements by Red Drum, and it is possible that if 
larger and/or older individuals were sampled, a stronger pattern of movement toward the mouth 
of the bay would be more evident, as fish would be making their way toward Gulf waters to join 
spawning aggregations. In general, the results from the present study corroborate the movement 
patterns of Red Drum identified in previous studies, and highlight the tendency for some Red 
Drum as young as one year old to make arduous transits to habitats that presumably offer certain 
advantages that may include enhanced prey availability or otherwise provide more suitable 
environmental conditions, prior to their egress from the estuary. 
 
Conclusions: 
 With the overarching goal of improving indices of habitat performance for important 
species within the Tampa Bay estuary, the current study has assessed the potential applicability of 
otolith elemental fingerprinting as a research and management tool for the Common Snook and 
Red Drum. The large majority of tidal tributaries in Tampa Bay, which are widely understood to 
function as essential juvenile habitat for Snook and Red Drum (and many other species), are not 
monitored regularly, and no attempts to quantify juvenile recruitment from specific regions to 
adult populations have been made thus far. Although this study focused on single cohorts of 
Snook (2007 cohort) and Red Drum (2008 cohort), results from this study may be a first step 
towards providing resource managers with a robust and direct measure of the regional productivity 
of habitats within Tampa Bay that complements the more traditional indices of habitat 
performance (e.g., abundance) that are currently used to assess and prioritize the protection of 
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sensitive habitat areas. Furthermore, this study will provide insight for future studies involving the 
identification of habitats and associated features that are correlated with enhanced Snook and Red 
Drum populations. Such goals are especially imperative in the face of continued anthropogenic 
modifications to Florida’s fragile coastal habitats. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
93 
 
Table 3.1.  Areas throughout Tampa Bay from which all sub-adult Red Drum (n=80) and sub-
adult/adult Common Snook (n=56) otoliths were collected.  
 
REGION RED DRUM COMMON SNOOK 
Old Tampa Bay 36 14 
Hillsborough Bay 19 8 
Western lower bay 7 10 
Eastern lower bay 18 24 
Totals 80 56 
 
 
 
Table 3.2. Estimated mixing proportions (θ) of Red Drum (a) and Common Snook (b) as 
determined from otolith elemental fingerprinting, and the percentages of sub-adults and adults 
that either emigrated from or remained in their juvenile habitat region. Values in bold italics 
indicate the sub-adults that were collected from the same habitat region in which they resided as 
juveniles. 
 
 
 
 
 
 
 
 
 
 
      a. 
 
 
 
 
 
 
 
 
 
 
 
 
      b. 
 
Juvenile habitat 
region assigned to 
 
Mixing 
Proportions 
(θ) 
Sub-adult/adult 
habitat region 
collected from 
Upper          Lower 
Upper .83 
50 
(77%) 
15 
(23%) 
Lower .17 
5 
(38%) 
8 
(62%) 
Juvenile habitat 
region assigned to 
 
Mixing 
Proportions 
(θ) 
Sub-adult/adult 
habitat region 
collected from 
Upper          Lower 
Upper .40 
12 
(55%) 
10 
(45%) 
Lower .60 
9 
(27%) 
24 
(73%) 
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Figure 3.1:  Sample locations for sub-adult and adult Common Snook (black crosses) and Red 
Drum (red circles). Black dashed line indicates the boundary between the upper and lower regions 
previously characterized using juvenile otolith elemental fingerprints. Gray dashed lines delineate 
the four sub-regions from which sub-adult and adult specimens were collected. 
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Figure 3.2:  Thin section of an adult Common Snook otolith to demonstrate the series of spot scans used to acquire an averaged 
elemental fingerprint for the juvenile region of adult otoliths. 
 
 
Otolith core 
Range of distances from the core 
that juvenile otoliths were ablated 
with a single spot on the edge. This 
range was determined by measuring 
the core-to-edge distances for all 
juvenile otoliths analyzed. 
Series of spot scans (each red mark 
represents a spot) ablated along a transect in 
the ‘core’ region of the adult otolith. 
Integrating the full range of core-to-edge 
distances that was analyzed for juvenile 
otoliths helps to account for otoliths size 
variations and produces a comprehensive 
elemental signature used to trace adults to 
their habitat origins. 
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a. 
 
 
 
 
b. 
 
Figure 3.3:  Estimated mixing proportions (θ) of Red Drum (a) and Common Snook (b) for the 
upper and lower regions in Tampa Bay, as determined from otolith elemental fingerprinting. 
Shading indicates the proportion of sub-adults and adults that either emigrated from (black) or 
remained in (gray) their juvenile habitat region 
 
 
 
97 
 
 
a. 
 
Figure 3.4:  Movement of Red Drum from their juvenile habitat region (red triangles = originated 
from upper region, black crosses = originated from lower region) to their eventual collection site 
(as indicated by each location point on the map) as sub-adults. 
 
 
Red Drum (Sciaenops ocellatus) 
 originated from lower region 
 
originated from upper region 
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b. 
 
Figure 3.5:  Movement of Common Snook from their juvenile habitat region (red triangles = 
originated from upper region, black crosses = originated from lower region) to their eventual 
collection site (as indicated by each location point on the map) as sub-adults and adults. 
 
 
 
 
Common Snook 
(Centropomus undecimalis) 
 originated from lower region 
 
originated from upper region 
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CHAPTER FOUR: 
EXAMINATION OF FACTORS INFLUENCING THE OTOLITH ELEMENTAL 
COMPOSITION OF THE COMMON SNOOK (CENTROPOMUS UNDECIMALIS) AND RED 
DRUM (SCIAENOPS OCELLATUS) 
 
Introduction: 
 The elemental composition of fish otoliths has been widely exploited in fisheries research 
as a means of tracking the occupation of specific water bodies or exposure to certain 
environmental conditions. As otoliths grow by continually adding new layers of calcium carbonate, 
certain trace and minor elements are incorporated in the otolith material, often in proportion to 
their ambient concentrations, rendering them valuable tools for tracking a fish’s exposure to areas 
with different chemical conditions (Campana 1999; Bath et al. 2000; Elsdon et al. 2008). Ionic 
concentrations within water bodies vary spatially and can be influenced by many sources, including 
saline and freshwater influxes (i.e., tides and runoff) (Elsdon and Gillanders 2005; Walther and 
Limburg 2012), anthropogenic inputs (Hanson and Zdanowicz 1999; Ranaldi and Gagnon 2010), 
groundwater contributions (Odum 1951; Limburg 2004), and geologic leachates (Humston and 
Harbor 2006; Friedrich and Halden 2008). While identification of the sources that influence the 
elemental composition of otoliths may not be essential for the application of otolith elemental 
fingerprinting, such information would allow for more effective, a priori delineation of chemically 
distinct areas in future related studies (Humston and Harbor 2006). Furthermore, if certain 
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elements were found to be associated with specific sources of influence, these elements could 
potentially be used as tracers of exposure to those sources of chemical variation, allowing for the 
derivation of important life history information.  
 Certain elements have demonstrated the tendency to be incorporated into the calcium 
carbonate matrices of otoliths in some proportion to their dissolved ambient concentrations, 
therein functioning as reliable tracers of environmental conditions, while other elements are more 
susceptible to physiological barriers between the water-blood and blood-endolymph interfaces and 
are thus not as reliable as tracers of environmental exposure (Campana 1999; Bath et al. 2000; 
Sturrock et al. 2012). A direct, positive relationship between elemental concentrations in otoliths 
and the surrounding water for some elements, including strontium (Sr) and barium (Ba), has been 
widely observed in fish otolith chemistry studies, and is largely supported by controlled 
experiments (Bath et al. 2000; Kraus and Secor 2004; Walther and Thorrold 2006). Because of 
such relationships, and the quasi-conservative nature of Sr in marine waters, Sr:Ca composition in 
otoliths has often been used as a reliable tracer of past salinity exposure (Brown and Severin 2009; 
Albuquerque et al. 2012; Walther and Limburg 2012). In Florida, however, this relationship is not 
necessarily maintained, as elevated Sr:Ca in certain groundwater sources may significantly 
influence the ambient concentrations of water, possibly resulting in fish collected from these areas 
having otolith Sr:Ca values that are higher than those collected in fully marine waters. (Odum 
1951; Kraus and Secor 2004; Limburg 2004). Barium has also demonstrated a direct, positive 
relationship between ambient and otolith concentrations, and because it desorbs from terrigenous-
sourced particulate matter in low salinity waters, has often been used as a tracer of exposure to low 
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salinity environments with a terrigenous source of Ba (Hamilton and Warner 2009; Moyer et al. 
2012; Walther and Limburg 2012).  
 Studies have also highlighted that the otolith-water relationships for Sr:Ca, Ba:Ca, and 
other elements are often non-linear and may not be a simple function of ambient element 
concentrations, as these relationships are also affected by factors such as the concentrations of 
competing elements present at the crystallization site, as well as the physiological effects on 
elemental pathways (Kalish 1992; Payan et al. 2004; de Vries et al. 2005; Tomás et al. 2006; Dorval 
et al. 2007; Morales-Nin et al. 2007; Brown and Severin 2009; Heagney et al. 2013). Even if the 
deposition of a certain element within otoliths does reflect ambient concentrations, the ability to 
reconstruct environmental histories of fishes using otolith elemental composition may rely strongly 
on the magnitude of the otolith-environment relationship being larger than any variations that 
result from the physiological regulation of elemental deposition (Sturrock et al. 2012). 
Additionally, the physico-chemical conditions (e.g., pH, dissolved oxygen) at a given location may 
also affect the partitioning of elements from the ambient environment to the otolith matrix. For 
example, Manganese dissolves more readily in hypoxic sediments and could become more bio-
available for incorporation into otoliths in such environments (Limburg et al. 2011). 
 Knowledge of an element’s capacity to reflect a fish’s exposure to ambient ion 
concentrations and physico-chemical conditions can be obtained by performing controlled 
laboratory experiments, whereby water constituents are controlled and the resultant otolith 
chemical composition is measured, allowing for the calculation of partition coefficients that reveal 
the strength of the ambient-otolith relationship. In the absence of such data for the Common 
Snook and Red Drum, and to generally aid in future applications of otolith chemistry in the 
102 
 
Tampa Bay estuary, this study sought to examine the relationships between geographic patterns in 
otolith elemental composition and potentially influential factors, including physico-chemical 
properties, surficial geologic stratigraphy, and land development intensity. 
 
Methods:  
 Otolith Collection, Preparation, and Chemical Analyses. All juvenile Red Drum and 
Snook used in this study are highlighted in grey in Tables AA.1 & AA.2. Figures 4.1 & 4.2 show 
the sample collection sites for all juvenile specimens used in the study. Otoliths from the 2007 
Snook cohort (n=114 juveniles collected from 27 tributaries) and the 2008 Red Drum cohort 
(n=85 juveniles collected from 14 tributaries) were used in the study based on the availability and 
geographical distribution of archived juvenile samples collected in these years. Specimens were 
collected as described in Chapter Two of this dissertation. Physico-chemical measurements for 
temperature, salinity, pH, dissolved oxygen, were made during sample collection using a YSI™, 
with surface measurements taken at 0.2m below the surface. All otolith preparation was conducted 
using trace-metal grade materials and methods, and samples were analyzed following the same 
analytical operating parameters described in Chapter Two of this dissertation.  
 General Approach and Statistical Analyses. The Fathom Toolbox for Matlab was used for 
all statistical analyses (Jones 2012; Jones 2014). Data were natural log transformed (x’ = ln(x + 1)) 
prior to analyses to place all variables on similar scales and non-parametric (permutation-based) 
statistical methods were applied to all data in order to avoid assumptions of normality. Linear 
regressions and Redundancy Analysis (RDA) were used to investigate the linear relationships 
between elemental ratios in fish otoliths and several environmental and geographically varying 
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parameters (temperature, salinity, pH, and dissolved oxygen). The Land Development Index (LDI) 
was used as a quantitative approximation of the level of anthropogenic disturbance at the habitats 
where fish were collected. This index uses land cover and land use data in a GIS framework to 
calculate LDI ‘scores’ for each tributary, with higher levels of disturbance (e.g., highways, central 
business districts, etc.) translating to an increased LDI score (Brown and Vivas 2005). Calculating 
LDI scores for each individual tributary involved acquiring spatial land use/cover data (i.e., 
shapefiles) that had been categorized according the Florida Land Use and Cover Classification 
System (FLUCCS), and assigning each land use type with a coefficient based on the typical human 
activity associated with it. ArcMap10 was then used to clip the spatial data along a 100m buffer on 
either side of each tributary. In this manner, the relative proportions of land use categories were 
determined for the 100m buffer zone surrounding each tributary. Overall LDI scores were 
generated by summing the product of the proportional areas of each land use type within the 
buffer zone and the coefficient for each respective land use coefficient. Categories were created for 
low (LDI=1-3), medium (LDI=3-4.9), and high (LDI>5) levels of development intensity (Table 4.1). 
RDA was applied to elemental ratio data used to discriminate the groups established in the two- 
and three-region spatial models (as defined in Chapter Two) and the LDI categories were treated as 
explanatory variables. 
 The same technique of using clipped spatial data of a designated 100m buffer area along 
each tributary was also used to quantify the proportions of surficial geologic composition that may 
have influenced the ambient elemental composition at the study sites (Table 4.2). Figure 4.3 
shows the distribution of surficial geologic types throughout Tampa Bay. Table 4.3 gives an 
explanation of the stratigraphic units of surficial geology that occur throughout the Tampa Bay 
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watershed. RDA was applied to elemental ratio data used to discriminate the groups established in 
the two-region spatial model (as defined in Chapter Two) and the areal proportions of surficial 
geologic type were treated as explanatory variables. 
 
Results: 
 For both species, several elements demonstrated linear relationships with one or more of 
the environmental factors tested (Table 4.4). While many of the element-environment 
relationships had relatively weak R-squared values, several notable relationships were identified. 
Temperature had the broadest influence on the elemental ratios, with significant relationships 
being found for 17 of the 25 elements. Of these, the most notable were Ba:Ca in Red Drum 
otoliths (R2=0.21, p=0.001), and Mg:Ca in both Red Drum (R2=0.08, p=0.001) and Snook 
(R2=0.07, p=0.001) otoliths, which were all positively correlated with temperature. Salinity was 
shown to have had a relatively strong influence on Li:Ca, with a positive trend for both Snook 
(R2=0.40, p=0.001) and Red Drum (R2=0.13, p=0.001). Salinity also demonstrated a direct, 
positive relationship with Sr:Ca in Snook otoliths (R2=0.14, p=0.001), but not Red Drum. The 
only notable effect of dissolved oxygen on elemental composition was that on Sr:Ca in both Snook 
(R2=0.05, p=0.001) and Red Drum otoliths (R2=0.06, p=0.001). Regressions of the data on LDI 
revealed that Sr:Ca was negatively associated with LDI scores for both Snook (R2=0.21, p=0.001) 
and Red Drum (R2=0.16, p=0.001). The only notable relationship identified between pH and 
otolith elemental composition was that of P:Ca in the Red Drum otoliths, which was negatively 
correlated with pH (R2=0.10, p=0.001). Regression analyses of otolith Sr:Ca from both species 
105 
 
demonstrated a relatively strong, negative relationship with latitude (Red Drum: F=77.1, p=0.001, 
R2=0.42; Snook: F=70.2, p=0.001, R2=0.25). 
 Redundancy analysis (RDA) performed on the elemental ratios, using the percent surficial 
geology associated with each tributary as explanatory variables, revealed that several elements may 
be correlated with specific geologic units. Including the subset of elements that were previously 
identified as important discriminators for each of the regional models (as previously defined in 
Chapter Two), percent surficial geology type was able to explain approximately 13-14% of the total 
chemical variation in the Red Drum juvenile otoliths (13.7% and 12.6% of variation in the two-
region and three-region models, respectively; Figures 4.4 & 4.5). Sr:Ca was positively correlated 
with the higher percent area of both the TQsu and Tha surficial geologic formations and 
negatively correlated with the That formation. Mn:Ca, Cr:Ca, and V:Ca were positively correlated 
with the Thp formation and negatively correlated with the Qu formations. P:Ca showed a high 
degree of positive correlation with the Qu formation and a negative correlation with the Thp 
geologic formation in the RDA for the three-region elements.  
 The RDA on Snook juveniles, using the percent surficial geology associated with each 
tributary as explanatory variables models, and using the elemental ratios that were previously 
identified to be significant contributors to the distinctions between groups in the spatial models 
(as previously defined in Chapter Two) revealed that, again, Sr:Ca was positively correlated with 
the TQsu and Thp surficial geologic formations. Sr:Ca was again found to be negatively correlated 
with the That formation, whereas otolith Co:Ca demonstrated a positive correlation with the That 
formation. Y:Ca and V:Ca were positively correlated with the Thp and Th geologic formations. 
Overall, percent surficial geologic type was able to explain 9-15% of the total variation in the 
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Snook juvenile otoliths (14.9% and 9.1% of variation in the two-region and three-region models, 
respectively; Figures 4.6 & 4.7). 
 Land development, as quantified by the LDI scores for each tributary, was only moderately 
useful in explaining the chemical differences between regions in Tampa Bay, accounting for 
between 4-17% of total variation in otolith chemistry (4.4% and 4.3% of variation explained in the 
Red Drum two-region and three-region models, respectively; 17.3% and 9.7% of variation 
explained in the Snook two-region and three-region models, respectively; Figures 4.8 – 4.11). For 
both Red Drum and Snook, the primary relationship identified between the elemental ratios and 
the intensity of land development was that of Sr:Ca, which was negatively correlated with high LDI 
scores (i.e., more intense land development). The only other notable patterns were those of the 
positive correlations of 63Cu:Ca, Cr:Ca, and V:Ca with higher LDI scores in Red Drum otoliths. 
All other relationships between elemental ratios and LDI scores were somewhat ambiguous.  
 
Discussion: 
 In general, otolith chemistry is likely influenced by a multitude of sources that are driven 
by both ambient elemental conditions, as well as by physiological responses to exogenous and 
endogenous cues (Campana 1999; Elsdon et al. 2008; Walther et al. 2010; Walther and Limburg 
2012). Environmental factors examined in this study that could potentially influence otolith 
chemistry included surficial geology, extent of land development (and presumed runoff of 
anthropogenic point and non-point pollutants), abiotic water quality parameters including 
temperature, salinity, dissolved oxygen, as well as the extent to which naturally varying conditions 
(i.e., latitudinal gradients) mediate these contributing sources. 
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 Element regressions on salinity revealed only a few significant relationships, the most 
notable of which were those between salinity and Li:Ca and Sr:Ca. A conservative element in 
marine waters, Li is often found in association with clay minerals or inclusions within calcium 
carbonate rocks and has previously been found to biomineralize into otoliths in correspondence 
with environmental concentrations, overall making it a good candidate for reconstructing 
environmental histories (Friedrich and Halden 2008). Higher Li:Ca found in fish otoliths of 
Snook (R2=.40) and Red Drum (R2=.13) collected in more saline water bodies suggests a somewhat 
proportional partitioning of Li from the ambient environment to the otolith matrix; however, 
partition coefficients would need to be more rigorously tested to discern such an environment-
otolith relationship. Such a finding could provide an extremely useful means of tracking fish 
movements between fresh and saline water bodies in Florida, where Sr:Ca may not be a suitable 
tracer of salinity due to the potential for groundwater contributions to enrich Sr:Ca within 
freshwater systems, thereby disrupting the normally conservative relationship between Sr and 
salinity (Kraus and Secor 2004). Particularly for Snook, which are known to migrate between rivers 
and the open Bay during spawning and/or overwintering activities (Blewett et al. 2009; Trotter et 
al. 2012), the effect of salinity on otolith composition is of great interest, as there is much to be 
learned about the occurrence and timing of these migrations. 
 Regression analyses of instantaneous surface salinity measurements on Snook otolith Sr:Ca 
generally support a positive Sr:Ca-salinity relationship (R2=.14). However, for Red Drum, a 
significant relationship between otolith Sr:Ca and salinity was not found. This could be due to the 
instantaneous measurements not capturing the more generally occurring salinities of each location. 
However, the same lack of a salinity-Sr:Ca relationship was observed in a previous study in which 
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the otoliths of lab-reared Red Drum exposed to varying salinity regimes did not reveal a significant 
relationship with salinity (Rooker et al. 2004). This could point to another important source of Sr 
in the otoliths of Red Drum, and perhaps Snook as well, whereby the ambient concentrations of 
Sr and Ca are mediated by factors other than salinity. In Florida, due to the significant influence 
of the carbonate platform on Sr and Ca dynamics, the relationship between salinity and otolith 
Sr:Ca is inconsistent, often inverted, and thus may not be a reliable means of reconstructing 
salinity histories of fishes (Odum 1951; Limburg 2004). 
 Ba:Ca demonstrated a significant relationship with temperature, in which otolith Ba:Ca 
was elevated in Red Drum specimens collected from sites with higher temperatures (R2=.21). This 
relationship has been noted in previous studies (Elsdon and Gillanders 2002), however, other 
research has shown contradictory results for Ba:Ca and temperature (Fowler et al. 1995; Bath et al. 
2000). The temperature-dependent incorporation of Mg into calcitic organisms has been used as a 
tracer of paleo-climate in many studies, and it is interesting to see this same, although somewhat 
weak relationship in the Snook (R2=.07) and Red Drum (R2=.08) otoliths analyzed in this study 
(Dodd 1967; Tripati et al. 2003). In general, relating Mg:Ca in otoliths to a source (e.g., diet, 
ambient water concentration, or temperature) has been problematic, which may be due to 
incorporation of this element being extensively regulated by physiological mechanisms (Elsdon and 
Gillanders 2002; Woodcock et al. 2012). 
 The influence of the areal percent of surficial geologic type on the chemistry of juvenile 
otoliths was examined using RDA, which revealed several interesting patterns and accounted for 9-
15% of the total chemical variation in otoliths. The pattern of higher Sr:Ca in otoliths from areas 
with a larger percent area of the TQsu and Tha surficial geologic units, and the lower Sr:Ca in 
109 
 
areas with a larger percent area of the That unit, was consistent between species. An explanation 
for this could be the differing lithologies of these geologic units; however, there are similarities 
between all three types (TQsu, Tha, and That) which may not support this. All three of these 
geologic types have carbonate as their dominant rock type (FGS 1992), and the leaching of calcium 
and strontium associated with carbonates into the surrounding waters could influence the ambient 
calcium and strontium available for deposition onto otoliths. However, the relationships between 
the elemental ratios of otoliths from the carbonate-rich geologic sources (Tha and That) are 
contradictory. Because these units are geographically separated, with Tha in lower and That in 
upper Tampa Bay, other aqueous chemistry parameters that vary across the bay could contribute to 
differences in carbonate chemistry between the two, otherwise similar geologic types. The different 
relationships of Sr:Ca with the Tha and That units, coinciding with their separation across the bay 
may simply suggest another mechanism for the increased Sr:Ca in otoliths. 
 P:Ca was positively correlated with the Qu unit and negatively correlated with the Thp 
geologic unit, while Mn:Ca had the exact opposite relationship. While the Thp unit is known to 
be composed of phosphatic quartz-clay sand, the Qu unit is more typically associated with 
siliclastics, organics, and freshwater carbonates, with little to no phosphate content (FGS 1992). 
Therefore, the very high correlation of P:Ca with the Qu unit would not seem to be a likely 
association based on the lithology of the sediments. Again, perhaps other aqueous chemistry 
parameters could account for these patterns. 
 Regressions of elemental ratios on LDI scores demonstrated that land development 
intensity had a negative effect on the incorporation of Li (Snook only) and Sr (both species). The 
negative correlations between otolith Sr:Ca and land development intensity revealed by the RDAs 
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corroborated this relationship, with vectors for otolith Sr:Ca and LDI score in opposition for both 
species, indicating a strongly inverse relationship. This pattern observed between otolith Sr:Ca and 
LDI could be associated with the prevalence of lower salinities and/or a relative decrease in 
groundwater contributions of Sr in areas with higher land development, and presumably more 
impervious surface area resulting in larger freshwater inputs in the form of runoff (Krebs et al.). 
The lower levels of Sr:Ca found in the otoliths of fish collected from areas of more intense land 
development could also be related to the physiological response of fishes to the different habitat 
conditions that they are exposed to. Therefore, it is possible that the Sr:Ca ratios in the juvenile 
otoliths are, in part, a physiological response to exposure to more intensively developed or 
degraded habitat conditions. 
 
Conclusions: 
 To invoke a specific chemical source as a primary source of otolith elemental variation in 
Tampa Bay, a more directed study comparing the chemistry of otoliths and ambient water among 
distinct units may be needed. In addition, study areas with more geologic and/or land-use 
heterogeneity may be better suited for relating otolith and geologic chemistry (Humston and 
Harbor 2006). Although many of the linear relationships between elemental composition and 
environmental parameters were relatively weak, with R2 values ranging from 0.02 - 0.42, it should 
be noted that the physico-chemical parameters used in the analyses were only surface water 
measurements. Furthermore, these measurements were taken at the time of otolith sample 
collection and represent only a snapshot in time of the environmental conditions of this highly 
dynamic ecosystem. In tidally-influenced systems such as the tributaries included in this study, 
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environmental conditions can change on an hourly time-scale. In contrast, during chemical 
analyses the laser beam is focused on the edge of juvenile otoliths, using a spot size that ablates 
material from approximately the last 15-30 days of the fish’s life. Thus, an instantaneous 
measurement of any parameter is not likely to fully represent the ambient conditions experienced 
by the fish, or the resulting chemical fingerprint, for the several weeks prior to the collection of the 
samples. 
 While the patterns found in this study were somewhat difficult to justify using geology or 
land-use, perhaps there are other aqueous chemistry parameters which could account for the 
conflicting relationships found between several of the elements and geologic units. Otolith Sr:Ca 
has been shown to correlate well with ambient concentrations, and because Sr exhibit quasi-
conservative behavior in marine waters, otolith Sr:Ca has often been used as a tracer of salinity 
(Bath et al. 2000; Kraus and Secor 2004; Walther and Thorrold 2006). However, in Florida, the 
unique Sr and Ca dynamics attributed to carbonate-exposed groundwater may complicate the 
relationship between otolith Sr:Ca and salinity (Odum 1951; Kraus and Secor 2004; Limburg 
2004), with carbonate-influenced freshwater areas of the bay potentially having higher Sr 
concentrations than marine water. 
 Li:Ca may prove to be a more reliable indicator of salinity in future studies, which could 
provide much needed insight into fish movements between salinity regimes. With a solid 
understanding of the potential for Sr:Ca and Li:Ca to be used as tracers of movement between 
different water bodies, a wealth of information could be acquired with relative ease. Lab-based 
experiments and field studies linking ambient water concentrations to otolith deposition are 
needed to validate these relationships. Similarly, if stress is a significant influencing factor on 
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otolith chemistry, such condition-related effects on otolith elemental composition could be 
extremely useful for assessing the quality of habitats in terms of their ability to promote growth or 
minimize stressful conditions. Therefore, additional directed studies on potentially influential 
environmental and biological effects would be encouraged in order to develop a deeper 
understanding of the sources of otolith chemistry variation in Tampa Bay. With knowledge of 
which elemental ratios are of importance for separating areas in Tampa Bay, as well as what 
environmental or physiological mechanisms drive the chemical variations, more streamlined 
research designs can be implemented in the future.  
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Table 4.1. Land Development Index (LDI) scores for the 100m buffer zone surrounding each 
tributary. Low scores reflect less development, while higher scores indicate more intense 
development. Categories are for low (LDI≤2.9), medium (LDI=3-4.9), and high (LDI≥5) levels of 
development intensity. 
 
Tributary LDI SCORE CATEGORY 
Cowen 1.0 1 
Peanut 1.5 1 
Dreadlock 1.9 1 
Phillippe 2.7 1 
Mobbly 2.8 1 
Clark 2.8 1 
Little Manatee 2.9 1 
Picnic 3.1 2 
Cockroach 3.3 2 
Pretzel 3.3 2 
Bullfrog 3.5 2 
Frog 3.5 2 
MacDill 3.9 2 
Salt 4.1 2 
Newman 4.2 2 
Braden 4.5 2 
Archie 4.6 2 
Delaney 4.8 2 
Rocky 5.0 3 
McKay 5.2 3 
Moccasin 5.4 3 
Andrews 5.6 3 
Tinney 5.7 3 
Alafia 5.8 3 
Peppermound 6.2 3 
Channel A 6.3 3 
Bishop 6.4 3 
Palma Sola 6.7 3 
Mullet 6.8 3 
Sweetwater 6.8 3 
Wood 6.9 3 
Hillsborough 6.9 3 
Booker 7.0 3 
Wares 7.4 3 
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Table 4.2 Percent composition of surficial geologic units within a 100m buffer zone of each 
tributary. See Table 4.3 for explanation of abbreviations. Categories were created for general 
understanding of geologic relationships between tributaries, and do not reflect underlying 
geochemical characteristics of tributaries. 
 
TRIBUTARY Qu Th Tha That Thp Tqsu CATEGORY 
Hillsborough 4 
  
96 
  
1 
Peppermound 
   
100 
  
1 
Picnic 
   
100 
  
1 
Sweetwater 10 
  
90 
  
1 
Wood 
   
100 
  
1 
MacDill 
   
100 
  
1 
McKay 
   
100 
  
1 
Mullet 
 
100 
    
2 
Bishop 
 
100 
    
2 
Phillippe 
 
100 
    
2 
Mobbly 100 
     
3 
Salt 100      3 
Newman 60 
   
10 30 4 
Booker 53     47 4 
Archie 13 
   
87 
 
5 
Channel A 76 
  
24 
  
6 
Delaney 56 
  
44 
  
6 
Rocky 49 
  
51 
  
6 
Frog 
    
56 44 7 
Little Manatee 
    
53 47 7 
Braden 
  
40 
  
60 8 
Palma Sola   41   59 8 
Wares   27   73 8 
Alafia 
   
37 63 
 
9 
Bullfrog 2   19 79  9 
Andrews 
     
100 10 
Clark 
     
100 10 
Cockroach 
     
100 10 
Cowen 
     
100 10 
Dreadlock 
     
100 10 
Peanut 
     
100 10 
Pretzel 
     
100 10 
Tinney 
     
100 10 
Moccasin 46 54 
    
11 
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Table 4.3 Descriptive summary of the surficial geologic characteristics for the stratigraphic units which comprise the Tampa Bay estuary 
watershed. 
 
PERIOD EPOCH FORMATION/MEMBER 
STRATIGRAPHIC 
UNIT 
CHARACTERISTICS 
Quaternary Holocene Quaternary Holocene Qh 
quartz/carbonates, beach sand, 
organics, mud 
Quaternary 
Pleistocene & 
Holocene 
Quaternary 
undifferentiated 
Qu 
siliclastics, organics, freshwater 
carbonates, few fossils 
Tertiary/ 
Quaternary 
Plio-Pleistocene 
Tertiary/Quaternary shelly 
units 
Tqsu carbonates, many fossils 
Tertiary Miocene/Pliocene 
Tertiary Hawthorn, Peace 
River, Bone Valley 
Thpb 
quartz/clay siliclastics with Peace 
River, some P with Bone Valley, 
few fossils 
Tertiary Miocene/Pliocene 
Tertiary Hawthorn, Peace 
River 
Thp 
quartz/clay siliclastics with Peace 
River, few fossils 
Tertiary Miocene Tertiary Hawthorn Th 
clay/mud, very little P, fossils 
rare 
Tertiary Oligocene/Miocene 
Tertiary Hawthorn, 
Arcadia 
Tha clay/mud, some P, carbonates 
Tertiary Oligocene/Miocene 
Tertiary Hawthorn, 
Arcadia, Tampa 
That 
clay/mud, very little P, 
carbonates 
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Table 4.4. Relationships between elemental ratios and environmental parameters. Temperature 
(TEMP), salinity (SAL), pH, dissolved oxygen (DO), Land Development Index (LDI), latitude 
(LAT). 
 
ELEMENT RELATIONSHIPS WITH ENVIRONMENTAL PARAMETERS: 
SIMPLE LINEAR REGRESSIONS 
ELEMENT SPECIES TEMP SAL pH DO LDI LAT 
Li 
Red Drum 
 
+ (R2=.13) 
   
 
Snook 
 
+ (R2=.40) 
  
- (R2=.11)  
P Red Drum   
- (R2=.10) 
  
+(R2=.09) 
Snook 
     
 
Mg Red Drum + (R2=.08)      
Snook + (R2=.07)      
Sr Red Drum + (R2=.07)   
+ (R2=.06) - (R2=.16) - (R2=.42) 
Snook 
 
+ (R2=.14) 
 
+ (R2=.05) - (R2=.21) - (R2=.25) 
Ba Red Drum + (R2=.21)     
 
Snook 
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Figure 4.1. Sample locations for the 2007 cohort of juvenile Common Snook. Gray dashed lines indicate geographic boundaries for the 
three-region model; black dashed line indicates geographic boundary for the two-region model. 
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Figure 4.2. Sample locations for the 2008 cohort of juvenile Red Drum. Gray dashed lines indicate geographic boundaries for the three-
region model; black dashed line indicates geographic boundary for the two-region model. 
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Figure 4.3. Surficial geologic stratigraphy of Tampa Bay. * 
*  Original map acquired from USGS statewide surficial geology coverage (BASEMAPS.USGS_fl_surfical_geology.shp) 
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Figure 4.4. Redundancy Analysis on Red Drum elemental ratio data using the percent surficial 
geology type to explain variation in elemental discrimination of groups in the two-region model. 
 
 
 
 
Figure 4.5. Redundancy Analysis on Red Drum elemental ratio data using the percent surficial 
geology type to explain variation in elemental discrimination of groups in the three-region model. 
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Figure 4.6. Redundancy Analysis on Snook elemental ratio data using the percent surficial geology 
type to explain variation in elemental discrimination of groups in the two-region model. 
 
 
 
 
Figure 4.7. Redundancy Analysis on Snook elemental ratio data using the percent surficial geology 
type to explain variation in elemental discrimination of groups in the three-region model. 
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Figure 4.8. Redundancy Analysis on Red Drum elemental ratio data using LDI scores to explain 
variation in elemental discrimination of groups in the two-region model. 
 
 
 
 
Figure 4.9. Redundancy Analysis on Red Drum elemental ratio data using LDI scores to explain 
variation in elemental discrimination of groups in the three-region model. 
123 
 
 
 
Figure 4.10. Redundancy Analysis on Snook elemental ratio data using LDI scores to explain 
variation in elemental discrimination of groups in the two-region model. 
 
 
 
 
Figure 4.11. Redundancy Analysis on Snook elemental ratio data using LDI scores to explain 
variation in elemental discrimination of groups in the three-region model. 
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CHAPTER FIVE: 
A PRELIMINARY EXAMINATION OF THE POTENTIAL FOR USING OTOLITH 
ELEMENTAL PROFILES TO UNDERSTAND THE LIFE HISTORY PATTERNS OF 
COMMON SNOOK (CENTROPOMUS UNDECIMALIS)  
 
Introduction: 
 Life history elemental profiles of otoliths are becoming increasingly useful for 
reconstructing the movements and life history patterns of fishes (Elsdon et al. 2008), and 
knowledge gained through the continued use of such tracers has the potential to greatly aid the 
management of species and the habitats they utilize throughout their life stages. The utility of 
otoliths as recorders of environmental histories has been established for many fish species, with 
research demonstrating the tendency for elements to be incorporated into otolith matrices in a 
permanent, chronological manner that is, in some cases, indicative of the environment a fish has 
occupied (Campana 1999; Elsdon et al. 2008). Several features of otoliths and other natural tags 
make them extraordinarily useful tools in conjunction with the more traditional artificial tagging 
techniques. Natural tags provide the opportunity for researchers to retrospectively track the life 
history experiences of every individual fish collected, as opposed to a smaller subset dictated by the 
prohibitive cost or low re-capture/re-sighting rates often associated with artificial tags. In addition, 
natural tags have the potential to provide information over the entire lifespan of each fish, from 
the larval stage until death, which could offer invaluable insights into the periods of life not able to 
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be tracked using artificial tags. The information provided by such a comprehensive tagging 
approach could far outweigh the preliminary (and perhaps tedious) steps of deciphering the 
elemental signatures that correspond with ecological phenomena. 
 Identifying otolith elemental proxies for the conditions experienced by the Common 
Snook (Centropomus undecimalis) could prove to be a particularly valuable endeavor. Although 
recent applications of bio-logging have revealed pertinent life history information about this 
species on the west coast of Florida (Adams et al. 2012; Barbour and Adams 2012; Trotter et al. 
2012), many questions remain about the details of their movements and habitat use during 
purported spawning and overwintering periods, as well as during the early life and juvenile stages 
(< 350 mm standard length, SL). 
 Snook are known to spawn near passes and inlets where salinity and hydrographic 
conditions are suitable for eggs to develop and be transported to inshore juvenile habitats (Ager et 
al. 1976; Taylor et al. 1998). However, there are questions regarding the duration of the period in 
which larvae are at large before settling into juvenile habitat areas, as very few larvae have been 
collected in plankton nets (Tolley et al. 1987; Burghart et al. 2014). After settlement into juvenile 
habitats, Snook are known to expand their spatial distribution and become less habitat-specific as 
they grow, likely in response to a reduced tolerance to low dissolved oxygen and the need for larger 
prey (Peterson and Gilmore 1991; Taylor et al. 1998; Stevens 2007; Greenwood et al. 2008b; 
Winner et al. 2010; Barbour and Adams 2012). For instance, length-frequency analyses of Snook 
have indicated that smaller juvenile Snook (< 150 mm SL)  tend to occupy remote termini of 
backwater areas, while larger juveniles (ca. 150-350 mm SL) are more typically found at the 
entrances to these habitats (Stevens 2007; Greenwood et al. 2008b; Winner et al. 2010). Whereas 
126 
 
traditional tagging methods may not be suitable for tracking such movements during the early life 
and young juvenile stages, natural tags (e.g., otoliths, stable isotopes, fin rays, and scales) could 
provide more insight into fish habitat use dynamics during this life stage (Clarke et al. 2007; 
Phelps et al. 2012; Brame et al. in press). 
 As adults, Snook display a large tolerance for diverse habitat types and are known to make 
transits between habitats for various reasons. For example, upon reaching sexual maturity, Snook 
are compelled to migrate to reproductive staging and spawning grounds (Taylor et al. 1998) and, 
until recently, these migrations were assumed to occur on an annual basis. However, increasing 
evidence of ‘skip spawning’ has been documented for this species (Blewett et al. 2009; Rideout and 
Tomkiewicz 2011; Adams et al. 2012; Trotter et al. 2012). The reasons for such behavior remain 
unclear, and efforts to track the seasonal movements of Snook using otolith elemental profiles 
could provide insights regarding the prevalence and details associated with skipped spawning. 
 Snook are also known to migrate to thermal refuge sites during cold periods to avoid 
physiological stress, avoid predation, and find prey; however, the timing, duration, and 
implications of these events is under question (Blewett et al. 2009; Adams et al. 2012). In Tampa 
Bay, Snook are often at the northern thermal limits of their distributional range and, during cold 
events, are more vulnerable to thermal stress, which may trigger a cessation of feeding at 14.2° C, 
loss of equilibrium at 12.7°C, and mortality at 12.5°C (Shafland and Foote 1983; Howells et al. 
1990). Knowledge of the timing and full range of habitat requirements for Snook during these 
cold events, as well as a better understanding of the stress responses triggered by them, is 
important for the implementation of effective species management, particularly in the northern 
reaches of their geographic range. 
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 Otolith elements that reflect the occupation of various environmental conditions 
throughout the life histories of Snook could provide information regarding their habitat use and 
movement patterns, ultimately complementing existing telemetry approaches. Some elements, such 
as sodium (Na), magnesium (Mg), and manganese (Mn), have demonstrated low partition 
coefficients, meaning that, due to physiological regulation, they are incorporated into the otolith 
matrix with little relationship to ambient concentrations, rendering them poor tracers of 
environmental history (Dorval et al. 2007; Woodcock et al. 2012). On the other hand, the 
application of certain elements, namely strontium (Sr) and barium (Ba), as proxies of 
environmental histories has been very successful in reconstructing movements between water 
bodies with distinct salinity regimes and terrigenous influence (Bath et al. 2000; Walther and 
Thorrold 2006; Hamilton and Warner 2009; Walther and Limburg 2012; Reis-Santos et al. 2013). 
 A positive relationship between ambient and otolith concentrations of Sr:Ca has been 
widely observed in fish otolith chemistry studies, and is largely supported by controlled 
experiments (Bath et al. 2000; Kraus and Secor 2004; Walther and Thorrold 2006). Because of 
this relationship, and the quasi-conservative nature of Sr in marine waters, Sr:Ca composition in 
otoliths has often been used to reconstruct past salinity exposures (Brown and Severin 2009; 
Albuquerque et al. 2012; Walther and Limburg 2012). One such study examining life history 
profiles of northeastern Australia’s Barramundi (Lates calcifer), a catadromous species with a life 
history similar to that of Snook, revealed significant differences between otolith Sr:Ca ratios of fish 
known to occupy freshwater and estuarine environments, and identified very diverse life history 
patterns for this species (Milton et al. 2008). In another study, Albuquerque et al. (2012) used life 
history profiles of otolith Sr:Ca to assess the estuarine dependence of the Whitemouth Croaker 
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(Micropogonius furnieri) along a broad stretch of the eastern coastline of central South America, 
confirming that estuarine occupation for this species was an obligatory part of its life history, 
rather than an opportunistic or passive occurrence that some previous research had concluded. 
 Barium has often been used as a tracer of exposure to mesohaline environments (salinities 
of 5-18 ppt), as low salinity conditions provide a favorable chemical environment for the 
desorption of barium into solution, where it becomes bio-available for uptake and deposition onto 
otolith surfaces (Coffey et al. 1997; Walther and Limburg 2012). For example, in one recent study, 
Ba:Ca (as well as Sr:Ca) profiles of 74 Burbot (Lota lota, Linneaus) otoliths were examined to 
determine the occurrence and timing of migrations from fresh to brackish water as juveniles, and 
then back to freshwater upon maturation (Rohtla et al. 2014). Interestingly, Ba:Ca peaks were 
observed corresponding with the timing of egress from fresh to brackish water, likely reflecting 
movement of fish through the dissolved barium maximum. 
 One source of ambient barium is the terrigenous freshwater runoff of barium-bearing 
particulates into estuarine mixing zones, where ion exchanges result in dissolved, and thus bio-
available, barium. Reservoirs of barium (in the precipitated form of barite) may also occur in 
organic-rich environments, such as those associated with mangrove litter, and exposure of these 
environments to low salinity conditions results in increased ambient concentrations of dissolved 
barium (Sanders et al. 2012). Subterranean estuaries, where barium adsorbed to minerals in 
groundwater desorb upon mixing with seawater, could function as another potential source of 
dissolved barium within some environments (Sanders et al. 2012). Barium removal occurs by 
precipitation onto organic particulates, and therefore, depletions can be used to indicate periods of 
high biological activity (Stecher and Kogut 1999). 
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 Dissolved barium maxima have been shown to occur in salinities ranging from 4 – 20 
within a single estuary, and it has been proposed that hydrodynamics may play a role in this 
apparent broad range. In low flow conditions, barium-bearing particulates travel along a steeper 
salinity gradient and, upon eventual desorption, the dissolved barium has been transported into 
higher salinity (but still mesohaline) waters (Coffey et al. 1997). Thus, otolith Ba:Ca can be 
expected to indicate the occupation of areas at the higher end of the mesohaline scale in low-flow 
conditions. 
 Notably, one laboratory-based experiment demonstrated that otolith composition of 
strontium and barium was overwhelmingly derived from the environment, with 83% of strontium 
and 98% of barium within otoliths being attributed to ambient concentrations (Walther and 
Thorrold 2006). However, strontium and barium deposition onto otoliths has also demonstrated 
sensitivity to factors other than ambient concentrations, potentially confounding otolith-
environment relationships. For example, variations in otolith Sr:Ca and Ba:Ca life history profiles 
of some fish have shown the potential to reflect variations in the diet and/or temperature 
experienced during particular life stages, and not necessarily strictly ambient concentrations (Chen 
et al. 2008; Walther et al. 2010). In another study, otolith Sr:Ca profiles of several fish species 
exhibited clear differences between habitats of differing salinity regimes, but also revealed 
unexplained oscillating patterns, as well as unexpectedly low concentrations in the primordial 
region, despite the fish having spent this period in high salinities (Holbach et al. 2012). 
 In many respects, the implementation of otoliths as recorders of the movements and life 
history characteristics of fishes has out-paced the ability of researchers to address the potential for 
elemental signals to be confounded by simultaneously acting sources of chemical variation. Before 
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we are able to accurately interpret elemental patterns throughout the life histories of fishes, it is 
necessary to understand the degree to which the deposition of individual elements is influenced by 
a multitude of interacting sources that are driven by both ambient elemental conditions, as well as 
by physiological responses to exogenous and endogenous cues (Campana 1999; Elsdon et al. 2008; 
Walther et al. 2010; Sturrock et al. 2012; Walther and Limburg 2012). If otolith elemental profiles 
are to be used in estuarine systems such as Tampa Bay, where environmental gradients experienced 
by Snook may be minimized due to greater mixing within the study area (compared with gradients 
that occur between strictly marine and freshwater systems, for example), it is especially important 
to identify and differentiate environmental and physiological sources of influence on otolith 
chemistry. Doing so will ensure that patterns in elemental profiles attributed to movements 
between chemically distinct environments either outweigh, or can be equivocally distinguished 
from physiologically-mediated influences (e.g., see Tanner et al. 2013). 
 Despite the role of both physiological and ambient sources of chemical variation in 
otoliths, most research has focused on the latter, with the bulk of elemental patterns being related 
to environmental sources such as salinity, ambient concentrations of elements, water temperature, 
and dietary intake (Bath et al. 2000; Walther and Thorrold 2006; Chen et al. 2008). Much less 
attention has been given to otolith elemental patterns attributed to the physiological responses 
associated with ontogenetic changes, oscillating seasonal or growth-related changes, or stressful 
events (Kalish 1989; Kalish 1992; Sturrock et al. 2012). 
 Although there are fewer studies on the subject, evidence of physiologically-induced 
patterns in endolymph and otolith chemistry has been documented in studies dating back to the 
late 1970’s, implicating a range of sources of chemical influence, including reproductive activity, 
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seasonal variation in growth, and stress (Papadopoulou et al. 1978; Gauldie et al. 1986; Kalish 
1989; Kalish 1991; Gallahar and Kingsford 1992; Kalish 1992; Sadovy and Severin 1992; Sadovy 
and Severin 1994; Fuiman and Hoff 1995; Heagney et al. 2013). The manifestation of 
physiological mechanisms in the elemental composition of otoliths is to be expected:  because the 
function of otoliths is to mediate hearing and stability in fishes, it follows that in order for these 
functions to be carried out effectively, the formation of otoliths must occur in a manner that is in 
proportion to the growth of tissues that contact the otolith surface (Popper and Lu 2000). Such 
harmonious growth indicates that otolith biomineralization is strongly regulated by physiological 
mechanisms that are closely linked to metabolism and fish growth, which in turn are affected by 
ontogeny, fish condition, and environmental surroundings.  Moreover, with several physiological 
barriers separating ambient elements from the otolith matrix (Campana 1999), very different, and 
perhaps non-linear partition coefficients can be expected for each element. 
Of the endogenous factors potentially influencing otolith chemistry, metabolism and age 
have been most frequently addressed in the literature. Most studies have attributed the cyclic 
variations observed in some fish otoliths to factors such as seasonal changes in metabolism and 
associated otolith macrostructure features (e.g., annuli and ‘checks’) (Kalish 1989; Kalish 1991; 
Halden et al. 1995; de Pontual et al. 2003; Fowler et al. 2005; Tomás et al. 2006; Halden and 
Friedrich 2008). Although seasonal temperature variation and metabolism (and perhaps associated 
otolith growth) usually co-vary, Sadovy and Severin (1994) were able to verify that metabolism 
(physiology), not temperature (environment), was the driving factor affecting the cyclic elemental 
patterns seen in Red Hind (Epinephelus guttatus) otoliths. 
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A number of other factors, including spawning activity, metamorphosis, and stress, may 
lead to a lowered metabolism that results in reduced otolith growth and distinct macrostructure 
features (‘checks’) throughout the life history of a fish (Panella 1980). In previous experiments, 
fishes exposed to stressful conditions, such as oil contamination or thermal extremes, have been 
documented as having reduced otolith growth rates due to a significant decline in metabolism and 
an accompanying change in otolith biomineralization (Mosegaard et al. 1988; Mortensen and 
Carls 1994; Morales-Nin et al. 2007). As with annuli, these discontinuities are understood to have 
a lower Ca2+ component, while proteins are continually accreted to the otolith, resulting in a 
relatively dense zone of proteins (Campana 1983). With knowledge of such elemental changes 
occurring in association with metabolism and associated otolith growth, it is important to identify 
any relationships between otolith elemental composition and otolith growth/macrostructure 
features so that any associated seasonally oscillating patterns do not confound interpretations of 
environmental histories in elemental profiles. 
Relationships between trace elemental deposition and gonadal development have been 
implied for several elements (Kalish 1991; Fuiman and Hoff 1995; Thresher and Proctor 1997; 
Friedland et al. 1998). Kalish (1991) suggested that reproductive activity may affect the elemental 
composition of the blood plasma, endolymph, and otolith, as gonadal development is associated 
with higher levels of vitellogenin-bound Ca, potentially causing a relative elevation in Sr available 
for deposition onto the otolith. Thresher and Proctor (1997) noted significant, simultaneous 
variations in Na:K and, to a lesser extent Sr:Ca ratios, that coincided with gonadal development in 
the guppy, Poecilia reticulata. Interestingly, these patterns were only evident in female specimens, 
and this relationship was also observed (in the same study) in the elemental ratios of wild Southern 
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Bluefin Tuna collected from spawning grounds. In a study on red drum, Sciaenops ocellatus, 
maturation was also suggested as the causal factor in seasonal variations in Na, K, and perhaps 
Sr:Ca concentrations, as these variations only occurred after approximately 5-7 years of life 
(Fuiman and Hoff 1995). 
 Stressful events may also manifest themselves in fish condition, otolith micro- and 
macrostructure, and otolith chemistry as a sub-lethal response to undesirable conditions. Several 
studies have reported significant changes in otolith chemical composition due to stress (Townsend 
et al. 1989; Kalish 1992; Radtke and Shafer 1992). In one study, it was shown that wild Australian 
salmon (Arritis trutta) trapped in unsuitable habitats were found to have lowered condition and 
systematically altered Sr, Na, and S patterns in their otoliths in response to stress (Kalish 1992). In 
the otolith endolymph, stress induces an increase in proteins on the proximal side of the otolith, 
resulting in substantially decreased free Ca2+ and inhibition of CaCO3 deposition in general (Payan 
et al. 2004). In the blood plasma of some fishes, Ca, Mg, and Na become elevated during stressful 
events, such as angling (Guindon 2011). Such stress-related alterations in blood and endolymph 
chemistry could ultimately contribute to an overall change in otolith elemental composition. 
 Multiple and simultaneously interacting factors likely determine the composition of fish 
otoliths and it remains a challenge to constrain individual sources of influence on otolith 
chemistry in order to confidently apply any one element as a proxy for life history conditions. 
However, addressing this challenge could provide an effective tool for unraveling some of the 
ecological questions that are currently hindering fisheries and habitat management efforts for 
Snook. The purpose of this study was to determine the feasibility of using otolith elemental 
techniques to reconstruct the life histories of Snook, so as to complement existing telemetry 
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techniques. As a first step toward investigating the complex interactions between the physiological 
and environmental influences on the chemistry of otoliths from an estuarine species, otolith 
elemental profiles from adult Snook collected from captive (formerly wild) fish maintained in 
controlled environments were generated using laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS). Elemental patterns related to otolith macrostructure features, 
reproductive activity, freshwater exposure, and stressful conditions were examined in captive 
Snook profiles, and any patterns identified were then applied to deciphering the life history 
elemental profiles of wild specimens collected from throughout Tampa Bay and western Puerto 
Rico. 
 
Methods:  
Otolith Collection, Preparation, and Chemical Analyses.  Fifty six Snook (age 2-5) 
corresponding to the 2007 cohort were collected from throughout Tampa Bay (Figure 5.1) as 
described in Chapter Three of this dissertation. Thirty additional adult Snook were donated by 
Mote Marine Laboratory’s Marine Aquaculture Park (MAP). These Snook were initially captured 
in October and November, 2009 using a 183m trammel net in lower Tampa Bay, and 
subsequently maintained in two separate environment-controlled tanks (each holding 23 m3 
gallons of water and 33 fish) until they were sacrificed in mid-2012. As the focus of a separate 
reproductive study, these fish were maintained in constant, high salinity waters (33-35 ppt to 
promote Snook egg viability), temperatures between 20-30°C, and intermittently implanted with 
hormones to induce spawning. Instant Ocean® artificial seawater was used during the first 6 
months of the captivity period (November, 2009 – April, 2010), after which natural seawater was 
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supplied to the tanks for the remainder of the experiment (May, 2010 – May, 2012). Each fish was 
tagged and monitored throughout the duration of captivity, and records of all handling events, 
known spawning events, and habitat conditions were logged throughout the research period. 
For the purpose of comparing the elemental profiles of individuals from different 
populations and occupying a different region of the species’ distributional range, six wild Snook 
collected from mangrove habitats in western Puerto Rico were included in the study. Five Snook 
were collected from the Boquilla Reserve, a mangrove-dominated alluvial floodplain system located 
on the northwestern coast of Puerto Rico (Figure 5.2a). One Snook was collected in full seawater 
from Boquerón Bay, a coastal lagoon system just outside of a freshwater lagoon preserve (Figure 
5.2b). A dike system surrounding the Boquerón lagoon preserve prevents fresh water from 
draining into Boquerón Bay, and even though water is released into the bay during high rain or 
flood periods, high salinities are typical throughout the year (PRWRERI, 2012).  
The majority of wild-caught adult samples were placed on ice until otoliths could be 
extracted later the same day, and then stored in vials until further cleaning. Some wild-caught 
Snook were frozen until otoliths could be extracted (typically within 1-6 months). For the fish 
obtained from the MAP, otoliths were extracted immediately after the fish was sacrificed. A 
summary of the samples used in the study are shown in Table AA.2. 
All otolith preparation was conducted using trace-metal grade materials and methods, and 
following the analytical operating parameters described in Chapter Two of this dissertation. To 
generate an elemental profile for each adult otolith, a PhotonMachines Analyte.193 excimer UV 
laser ablation system, connected to an Agilent 7500CX Quadropole Inductively Coupled Plasma 
Mass Spectrometer (LA-ICP-MS) was used to ablate material along a transect from the core, 
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corresponding to the fish’s early life, to the edge, corresponding to the period of the fish’s life just 
prior to capture. In order to acquire enough material to overcome detection limits, a laser beam 
diameter of 50 µm, repetition rate of 20 Hz, and scan speed of 3 µm·s-1 were used. 
General Approach and Statistical Analyses.  
 Macrostructure features and otolith chemistry.  To quantitatively assess the relationship between 
otolith macrostructure features (i.e. annuli, checks) and elemental composition, cross-correlation 
procedures were applied to the elemental profiles and their corresponding macrostructure features 
measured over the captive period during which Snook were held at the MAP. After all otoliths 
were analyzed to generate elemental profiles, images (.tif) of each transect, as viewed under 10X 
magnification using transmitted light, were acquired within the 50 µm wide laser ablation transect 
using PaxCam™ imaging software. Otolith macrostructure features in each image were then 
converted into luminance values using Photoshop by calculating the mean gray scale values within 
10 by 10 pixel blocks (approximately 15 x 15 µm squares) for the captive period, with increased 
luminance associated with the hyaline zones and decreased luminance associated with opaque 
zones (Figure 5.3). The start and end points on each luminance transect which corresponded with 
the captive period were delineated by a ‘capture check’ mark that was laid down upon the fish’s 
placement in captivity and the distal edge of the otolith. Only otolith images that were free of 
surface blemishes or other features that might confound luminance values were pre-selected and 
used for this portion of the study (n=22). 
 To ensure consistent sampling frequencies between the luminance and elemental data 
series, column vectors for each element were interpolated down to the number of luminance 
measurements. The resulting number of data points for each luminance and elemental profile set 
137 
 
varied between individual otoliths, ranging from 29 to 67, with a mean of 47 (+/- 9 SD). Linear 
trends in each data series (both elemental and luminance series) were removed to improve 
stationarity and to provide unbiased comparisons of elemental patterns across opaque banding 
patterns (Fowler et al. 2005; Hoover et al. 2012). Corresponding luminance and elemental profiles 
for each individual otolith were aligned, and, to account for any offset between the two data series 
(either due to a natural lag in the uptake of elements, or to slight inaccuracies in the alignment of 
the two data series), the maximum correlation value (absolute value) within +/- three lags (each lag 
= 1 sampling unit, which is 15 µm) was retained. Significant relationships found between 
macrostructure and chemistry that had lags more extensive than these were not retained, as 
elemental deposition was very unlikely to precede or follow macrostructure variation by more than 
45µm, which is the approximate transect length included within three lags. 
 Sr:Ca and Ba:Ca profiles of captive Common Snook:  To improve our understanding of the 
relationship between salinity and otolith strontium and barium, elemental profiles of captive fish 
were aligned with macrostructure features to establish the chronology of the captive period and 
then examined for variations in Sr:Ca. Although concurrent water chemistry analyses were not 
possible, salinities were maintained at constant, high levels (33-35 ppt) for the duration of the 
captive period, apart from the freshwater bath in September, 2010 (to treat a parasite infestation). 
Because both Sr and Ba exhibit conservative behavior with respect to salinity (Ba is conservatively 
mixed seaward of the low salinity maxima; Stecher and Kogut 1999), these elements were assumed 
to have been present in constant quantities. Thus, any variations in otolith Sr:Ca or Ba:Ca would 
provide evidence that a source other than salinity may be influencing otolith elemental 
composition. 
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 Influence of stress on otolith chemistry:  As part of a separate study examining the spawning 
potential of captive Snook, fish held in separate tanks at the MAP were subjected to regular 
monitoring, with individuals from both tanks being periodically anesthetized and subjected to 
stressful handling, including blood extractions, gonad biopsies, hormone implants, and length-
weight measurements (Rhody et al. 2014). However, fish from one tank were handled more than 
twice as frequently and were presumably more stressed. In support of the greater stress induced by 
more frequent handling events, an interesting finding in the separate spawning study was that only 
9% (3 individuals) of fish held in the more-stressed tank spawned on a single occasion, while 58% 
(19 individuals) of the fish held in the less-stressed tank was determined to have spawned on 
multiple occasions, presumably due to the differences in handling stress (Rhody et al. 2014). To 
identify any elemental markers that may be incorporated into otolith matrices in correspondence 
with a physiological response to such handling stress, a one-way, permutation-based ANOVA was 
used to compare the mean composition of each element for fish held in less-stressed tanks (n=15) 
compared with those held in more-stressed (n=15) tanks. 
 Influence of spawning on otolith chemistry:  To assess the relationship between spawning events 
and changes in otolith elemental composition, a one-way, permutation-based ANOVA was used to 
assess mean elemental composition of otolith material deposited during captivity for spawners 
(n=9) and non-spawners (n=6) held within a single tank at the MAP. Captive Snook maintained in 
controlled environments at the MAP were monitored over 2.5 years, during which the occurrence 
of maturation and spawning events was detected by regular biopsies. To identify the specific 
individuals that spawned, eggs from discrete and volitional (unknown number of active 
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participants) spawning events were genotyped to identify their source parents and to validate the 
reproductive activity (or inactivity) of specific individuals.  
Life history profiles of wild Common Snook:  As a preliminary investigation of the elemental 
patterns that occur in Snook otoliths, Sr:Ca and Ba:Ca profiles for wild specimens collected from 
Tampa Bay and Puerto Rico were qualitatively examined. For all fish, elemental profiles were 
aligned to their respective laser ablation transects, marking the occurrence of each annulus, so that 
elemental features could be assessed in correspondence with the chronological life history of each 
fish. Profiles were examined for changes that may signify variations in salinity (Sr:Ca) and/or 
exposure to terrigenous (or other) sources of barium (Ba:Ca). Using the elemental stress markers 
identified in the captive-reared fish, otolith elemental profiles of wild Snook, particularly those 
known to have experienced a severe cold event in January, 2010, were examined for signs of an 
elemental response to physiological stress. 
 
Results: 
 Macrostructure Features and Otolith Chemistry:  For all elements examined (n=25), the 
86% of the cross-correlation procedures demonstrated that otolith elemental data series were not 
correlated with corresponding otolith macrostructure features. Moreover, in the 14% of cases in 
which correlations between elemental profiles and otolith macrostructure features were identified 
(R-squared values ranging from 0.06 to 0.36), consistent positive or negative relationships were 
never observed (Figure 5.4). For example, for Sr:Ca, 89% (n=20) of the elemental profiles assessed 
demonstrated no correlation, while the remaining 11% (n=2) had inconsistent correlations with 
otolith opacity (R = 0.31 and R = -0.60). For Ba:Ca, again, only 11% (n=2) of the elemental profiles 
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had correlations with otolith macrostructure features, but again these relationships were somewhat 
weak and contradictory to each other (R = -0.39 and R= 0.43), suggesting that they may have been 
coincidental. 
 Sr:Ca and Ba:Ca Profiles of Captive Common Snook:  Otoliths from Snook maintained 
in captivity at the MAP exhibited a distinct macrostructure check laid down at the time of 
collection from the wild (Figure 5.3) and a corresponding elevation in Sr:Ca values (Figure 5.5), 
enabling the chronologically accurate alignment of otolith macrostructure features with the 
corresponding elemental profiles. The initial increase in Sr:Ca may be attributable to the higher 
concentration of Sr in the water supply, as the MAP is known to have used Instant Ocean® 
artificial seawater during the first 6 months of the captivity period (November, 2009 – April, 
2010), which is known to have unnaturally high Sr:Ca ratios compared to those in natural 
seawater (Wells et al. 2000).  
Despite the use of natural seawater for the last two years of captivity, however, otolith 
Sr:Ca values remained higher than those observed in wild specimens, with overall mean values of 
Sr:Ca during the captive period of 6.8 mmol · mol-1 (+/-0.5 SD), compared with 3.6 mmol · mol-1 
(+/-1.3 SD) during the wild period. Although the high values could have been due to the high 
salinity environment in which captive fish were maintained, large fluctuations in otolith Sr:Ca 
were also observed in all captive otolith profiles, contrary to the flat profile one would expect to 
observe if the constant salinity of 33-35 ppt alone were influencing otolith Sr:Ca composition. The 
magnitude and variability in otolith Sr:Ca suggests that factors other than strictly salinity may have 
influenced otolith Sr:Ca. In contrast, Ba:Ca values remained low (1.4 µmol·mol-1 +/-0.2 SD) and 
stable throughout the entire captive period for all individuals. 
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 Influence of Stress on Otolith Chemistry:  Captive Snook otolith profiles revealed that 
mean zinc (Zn:Ca) was significantly higher in fish subjected to more handling stress (2.11 
µmol·mol-1 +/-0.94 SD) compared with those which experienced less handling stress (1.52 
µmol·mol-1 +/-0.25 SD) (ANOVA: F=5.64, p=0.012). The opposite trend was found for iron 
(Fe:Ca), with mean values being significantly lower in fish exposed to more handling stress events 
(0.34 mmol·mol-1 +/-0.04 SD) compared with those exposed to less stress (0.39 mmol·mol-1 +/-
0.02 SD) (ANOVA: F=25.02, p<0.001). Figures 5.6a & 5.6b show a visualization of the separation 
observed between the two tanks due to the variations in Zn:Ca and Fe:Ca. Comparisons of otolith 
Zn:Ca and Fe:Ca between the wild (prior to capture) and captive portions of the elemental profiles 
of each MAP fish revealed the same significant pattern in these elements (ANOVA [Zn]:  F=12.16, 
p=0.002; ANOVA [Fe]:  F=3.62, p=0.04). Mean otolith Zn:Ca was higher during the presumably 
more stressed, post-captive period of their lives (1.2 µmol·mol-1 +/- 0.07 SD) compared with the 
pre-captive period (0.91 µmol·mol-1  +/- 0.05 SD), while Fe:Ca was lower during the pre-captive 
period (0.38 mmol·mol-1 +/- 0.01 SD) and higher during the post-captive period (0.41 mmol · mol-1 
+/- 0.01 SD) (Fig. 5.7). Based on these results, the opposing patterns of Zn:Ca and Fe:Ca were 
combined into a single ratio (Zn:Fe) to generate a ‘stress index’ to be applied to elemental profiles, 
with higher values indicating more stress and lower values indicating less stress (Figure 5.5).  
 Influence of Spawning on Otolith Chemistry:  For the 25 elements tested, no significant 
differences were found in the mean elemental composition of otoliths from fish known to have 
spawned (n=9) compared with fish that did not spawn (n=6) while in captivity at the MAP 
(ANOVA, p-values > 0.05).  
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 Life History Profiles of Wild Common Snook:  In general, the 56 profiles revealed that 
there may be significant individual variation in the habitat conditions occupied and in the timing 
and patterns of ontogenetic habitat shifts. Table 5.1 summarizes the characteristics for all life 
history profiles examined. For approximately 55% of the profiles examined, the core portion 
corresponding with the larval and settlement periods was characterized by elevated Sr:Ca and 
decreased Ba:Ca, often immediately followed by the opposite trend (e.g., Figure 5.8). Seasonal 
fluctuations in Sr:Ca and/or Ba:Ca were observed in 27% of the profiles, particularly over the first 
several years of life and often with elevated Sr:Ca during opaque annulus formation and elevated 
Ba:Ca during hyaline otolith band formation (Figures 5.8, 5.9, & 5.10). Approximately 27% of 
the profiles exhibited either a stabilization of seasonal fluctuations or a noticeable divergence to 
higher Sr:Ca and/or lower Ba:Ca values after the first 1-3 years. For example, specimen #cu44 
(Figure 5.8) demonstrated seasonal Ba:Ca variations ranging from approximately 2 to 6 µmol·mol-1 
over the first two summers, suggesting the occupation of mesohaline habitats with a fluctuating 
source of barium during these periods. Similarly, specimen #cu20 (Figure 5.9) demonstrated a 
seasonal elevation in otolith Ba:Ca ranging from approximately 1 to 4 µmol·mol-1 during each of 
the first three summers of its life. The final decreases in Ba:Ca and/or increases in Sr:Ca in these 
profiles may be indicative of movement to, and continued occupation of, more saline environment 
and/or less barium-influenced environments. 
 Approximately 16% of the profiles demonstrated a stabilization or divergence of Sr:Ca 
and/or Ba:Ca within the first year, perhaps reflecting movement from juvenile habitats within that 
time (Figures 5.11 & 5.12). For others, these apparent movements were not made until the second 
year (7%) or later (4%) (Figures 5.8, 5.9, & 5.10). At least two fish appeared to have made 
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successive movements to alternate Ba and/or Sr environments (Figure 5.12). It was more difficult 
to discern movement patterns in some profiles, as they remained relatively constant over the entire 
life history, possibly reflecting the settlement in and continued occupation of more seasonally 
stable (in terms of ambient Sr and Ba) environments (Figure 5.13). Approximately 50% of the 
individuals that were previously determined to have migrated from their juvenile habitat region 
(see Chapter Three) exhibited a change in otolith Sr:Ca (and in some cases, Ba:Ca as well) that 
reflected this movement between the upper (less Sr:Ca) and lower (more Sr:Ca) regions of Tampa 
Bay (Figure 5.14), although the exact timing of movement was usually not clear.  
 Of the 56 Snook examined from Tampa Bay, 28 of them had survived a severe cold event 
that occurred in January, 2010. Of these, 8 had otolith elemental profiles that exhibited either 
signs of movement to an alternate site, presumably reflecting thermal refuge (Figure 5.15), and/or 
an otolith elemental response to thermal stress, as indicated by a moderate increase in the Zn:Fe 
stress index (Figure 5.14). At least 20 elemental profiles from this subset of Snook did not reveal 
any obvious indication of stress or movement to a chemically distinct habitat, perhaps reflecting 
the suitability of the habitats these fish occupied for providing refuge from the cold temperatures.  
 Many profiles demonstrated stress index values that were elevated at periods other than the 
2010 cold event, and for some profiles, throughout the entire life history. Twenty five profiles 
(45% of those examined) had stress index values which, at some point in the life history, exceeded 
the mean value observed in otoliths of fish held in the ‘more stressed’ tank at the MAP (stress 
index of the ‘more stressed’ MAP fish derived from mean Zn:Ca and Fe:Ca values = 6.2). For 
example, specimen #cu04 (Figure 5.11) had very high stress values (highest Zn:Fe peak = 12.78) 
until what appears to have been a movement to a higher strontium environment during the 
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second winter. In some profiles, apparent movement events were accompanied by either an 
increase (specimen #cu14 during first annulus formation, Figure 5.16) or a decrease (specimen 
#cu55 after third annulus formation, Figure 5.14) in the stress response index.  
 Although only six Snook otoliths from Puerto Rico were available for elemental analysis 
(Figures 5.17 – 5.22), several notable patterns could be discerned. All Puerto Rico Snook profiles 
were characterized by an elevation in Sr:Ca and decrease in Ba:Ca at the core, followed by the 
opposite pattern immediately outside of the core area, which was the same early life pattern 
observed in many of the Tampa Bay otoliths. In general, Ba:Ca values were much higher and more 
dynamic than those observed in Snook from Tampa Bay, with peaks commonly occurring at 5 to 
16 µmol·mol-1, compared with the Tampa Bay Ba:Ca values that typically ranged from 
approximately 1.5 to 2 µmol·mol-1. Specimens collected from the Boquilla site had elemental 
profiles characterized by a gradual decrease in Ba:Ca over the first 1-2 years, and relatively small 
changes in Sr:Ca until a sharp increase associated with the final months of each fish’s life. The 
upward trend in Sr:Ca observed in all Boquilla profiles may signify commonality in their physical 
environment and/or physiological state during the time just prior to capture (Figures 5.17 – 5.22). 
 As with the samples from Tampa Bay, several life history patterns were observed in the 
Puerto Rico profiles. For specimen #cu45 (Figure 5.17), a six year old Snook, peaks in Ba:Ca were 
observed during each summer period, as well as the first and second winters. The gradual decrease 
in Ba:Ca and increase in Sr:Ca over the life of the fish, could be indicative of this fish’s initial 
proximity to freshwater inflows and barium reservoirs, followed by progressively more saline 
exposure. It is interesting to note that, beginning in the second summer, when this fish was 
approximately age two, the increases in Sr:Ca in each successive summer are immediately preceded 
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by increases in Ba:Ca, perhaps indicative of a seasonal freshwater ‘trigger’ of excursions to more 
saline waters and/or reproductive activity. Unlike other specimens collected at the Boquilla site 
(Figures 5.18 – 5.21), the large Sr:Ca upward trend at the end of the profile is seen multiple times 
in the latter stages of this fish’s life, suggesting repeated, periodic movement into high saline 
environments (or some other event, perhaps gonadal maturation, resulting in seasonal otolith 
Sr:Ca elevation).  
 The single Snook collected at the Boquerón site in southwestern Puerto Rico, specimen 
#cu50 (Fig. 5.22), had an otolith elemental profile that was distinct from those collected at 
Boquilla, and was characterized by consistently high Sr:Ca over the entire life of the fish. After 
settlement, the subsequent three summers had progressively smaller peaks in Ba:Ca, until the fish 
presumably moved into, and remained in, less barium-enriched waters. At the latter stages of this 
fish’s life, the increase in Ba:Ca signified movement back into a mesohaline environment that had 
a source of bioavailable barium. Interestingly, specimen #cu50 was collected very close to one of 
the water pumps located just outside of the diked freshwater lagoon, where, during heavy rain or 
flood periods, freshwater is pumped out of the lagoon to the adjacent high salinity lagoon. Because 
2010 and 2011 were two of Puerto Rico’s wettest years on record (NOAA 2014), the release of 
significant amounts of water from the freshwater lagoon during these periods may have provided 
the physico-chemical conditions within the bay for barium to become bioavailable for deposition 
onto otoliths. 
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Discussion: 
 For Snook, the occurrence and timing of movements between habitats, particularly during 
the early life, spawning, and winter periods are not well understood. The ability to confidently use 
elements in otoliths to reconstruct changes in the ambient environment experienced by individual 
Snook could greatly aid investigations of such movements, as well and the conditions associated 
with the various habitats occupied. However, because the biomineralization of certain elements 
within otoliths may be influenced by multiple, interacting factors, it is important to isolate these 
potentially confounding sources of influence in order to avoid misinterpreting them as indications 
of movement. Specifically, identifying the degree to which elemental profiles are associated with 
physiologically-mediated responses to stress, spawning activity, and growth patterns within otoliths 
should provide clarification as to the physiological sources of elemental deposition, and our ability 
to confidently use specific elements to reconstruct the environmental life histories of Snook. 
 The general lack of correlations found between otolith luminance and elemental patterns 
highlights the minimal influence of otolith growth (and perhaps metabolism) -related factors on 
the elemental profiles of adult captive Snook. However, other physiologically influential factors 
may affect the overall elemental composition of Snook otoliths. 
 There have been several records of an identifiable stress response in the otolith 
composition of multiple species (Townsend et al. 1989; Kalish 1992; Payan et al. 2004; Tomás et 
al. 2006). The current study has shown that stress induced by regular handling events may have 
contributed to a significant difference in the magnitudes of Fe:Ca and Zn:Ca detected between the 
two treatment tanks. While chemical analyses of ambient Zn and Fe concentrations within the 
MAP tanks would have provided confirmation, the present finding that these elements may serve 
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as indicators of physiological responses to stress is plausible, as Zn and Fe are known to be essential 
for the proper metabolic functioning of fishes (Watanabe et al. 1997). 
 Several studies support the association of otolith Zn:Ca as an indicator of physiological 
functioning. For example, it has been shown that approximately half of the zinc, and perhaps a 
significant portion of the iron, in whole otoliths of the Cod (Gadus morhua) may be associated with 
the protein matrix, suggesting that otolith zinc composition may reflect important physiological 
processes (Miller et al. 2006). A similar finding was documented for the Barramundi (L. calcifer) in 
Papua New Guinea, with Zn:Ca demonstrating an affinity for the protein constituent within 
otoliths, and thus likely not functioning as a tracer of environment, but rather of the physiological 
status of fishes (Milton et al. 2000). If Zn:Ca and Fe:Ca are associated with the protein component 
of otolith matrices, the reasoning for the lack of consistent correlations between these elements 
and otolith luminance (which served to quantify the opaque, proteinaceous macrostructure 
features within the otolith) is not clear. However, this could indicate that for Snook, stress is not 
necessarily associated with the formation of all macrostructure features (such as annuli), and 
conversely, macrostructure features are not always formed for all stressful events. 
 An elemental marker for stress exposure could prove to be useful in reconstructing the life 
histories of Snook in future studies. The severity and duration of the cold event throughout 
Florida (2010) resulted in high levels of mortality and likely a lowered condition in subsequent 
years (Adams et al. 2012). The indication of a physiological stress response in the elemental 
profiles of Snook known to have endured this cold event may provide validation for the use of 
Zn:Fe values as a tracer of stressful events experienced throughout the life histories of individual 
Snook.  
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 The lack of a clear indication of a stress response or movement to a new environment in at 
least 15 of the 28 elemental profiles of fish known to have endured the 2010 cold event may 
suggest that these individuals were occupying suitable habitats which facilitated the survival of cold 
temperatures with minimal stress. For example, of the 28 survivors of the cold event examined, 
five were collected near the Weedon Island Preserve, and none of these individuals demonstrated 
distinct signs of stress or movement during the time of the cold event. If these, or other 
individuals, were near the Weedon Island Preserve during the 2010 cold event, the warm effluent 
released from the Bartow Power Plant nearby could have provided a thermal refuge during the 
2010 cold event, perhaps contributing to the lack of a stress response or movement signature in 
elemental profiles. 
 While many individuals did not demonstrate a thermal stress response during the 2010 
cold event, several elemental profiles indicated changes in barium and/or strontium environments 
during the approximate time of the cold event, perhaps reflecting movement to a less stressful 
overwintering habitat. Increases in otolith Ba:Ca during the winter months may be indicative of 
movement to a freshwater source. In particular, areas discharging fresh groundwater with year-
round temperatures of approximately 20°C likely offered some Snook adequate thermal refuge, 
and could have provided the physico-chemical conditions allowing for the bio-availability and 
subsequent bio-mineralization of barium and strontium onto otoliths. 
 Reproductive activity has been implicated as a contributing source to changes in the 
elemental profiles for other species, and besides understanding their potential to confound 
interpretations of elemental profiles, identifying an elemental tracer of the physiological response 
associated with reproductive activity could aid in retrospectively tracking the spawning habits of 
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Snook. Though not detected in this study, such elemental tracers may eventually be found in 
elements related to vertebrate reproductive processes (Bedwal and Bahuguna 1994; Sturrock et al. 
2012; Sturrock et al. 2014). 
 Despite the lack of an identifiable elemental marker for the overall spawning activity 
known to occur during the captive period at the MAP, certain patterns in the elemental profiles of 
captive fish suggest that Sr:Ca may be influenced more generally by gonadal maturation and 
associated changes in blood chemistry, rather than the singular act of spawning. For instance, 
despite the initial decrease in ambient Sr upon transition from Instant Ocean® to natural 
seawater, otolith Sr:Ca values never returned to levels observed in wild Snook otolith profiles, but 
instead remained relatively high throughout the duration of the captive period, often with values 
twice those observed in the wild portions of profiles. In addition, rather than a flat profile that one 
would expect if otolith Sr:Ca were only reflecting the constant ambient Sr associated with the 
consistently high salinity seawater in the tanks, large fluctuations were consistently observed. 
 Because the Snook held in captivity were the focus of a reproductive study in which they 
were periodically induced to undergo maturation and commence synchronized spawning, 
subsequent maturation events affecting the blood chemistry of each individual may have 
contributed to the elevated and varying Sr:Ca profiles observed for all captive fish, even if some 
individuals never actually spawned. Kalish (1989; 1991) has demonstrated a strong relationship 
between blood plasma, endolymph, and otolith Sr:Ca, emphasizing that free and bound calcium 
and strontium in the blood plasma is a function of the quantity and type of calcium-binding 
proteins in the blood plasma. As such, the amount of calcium-binding proteins, including 
reproductive hormones associated with maturation and spawning, can affect the relative amounts 
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of strontium and calcium in the endolymph that is available for deposition onto the otolith. 
Because the MAP Snook were repeatedly induced to mature and spawn, the high levels of otolith 
Sr:Ca may have been the result of a maturation-related increase in protein-bound calcium reducing 
the amount of calcium within the endolymphatic fluid, thus leaving relatively more Sr available for 
deposition onto the otolith. Such hints of the influence of reproductive activity on otolith 
elemental composition, and the potential value of such an indicator, warrant further research in 
this area. 
 Although the constant, high salinities in the MAP tanks were assumed to have provided 
consistent concentrations of conservative elements, it was not possible to measure both water and 
otolith elemental composition concurrently. Doing so would have provided more absolute 
confirmation that ambient concentrations of conservative elements were indeed reflective of 
salinity. However, as the seawater for each tank was consistently flushed and replaced with new 
seawater, any potential sources of contamination would have been removed relatively rapidly 
rather than lingering for the entire 2.5 year study duration. The diet of captive fish could have 
been a potential source of influence on otolith chemistry. However, for Sr:Ca and Ba:Ca, previous 
research has concluded that this is unlikely, with 83% and 98% of otolith Sr:Ca and Ba:Ca, 
respectively, arising from the water as opposed to dietary sources (Walther and Thorrold 2006). 
 Despite the apparent physiological influences on otolith Sr:Ca, evidence of this element as 
a tracer of salinity exposure was also identified in this study. For example, all specimens collected 
on the same date and at the same location (Boquilla) in Puerto Rico had elemental profiles with a 
notably increasing Sr:Ca during their last winter months of life. Such spatially consistent patterns, 
and the winter timing of the Sr:Ca increases, suggest an environmental, rather than a gonadal 
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maturation-related source of otolith Sr:Ca. The large increase in Sr:Ca observed in Snook otolith 
elemental profiles upon placement in the initially Sr-enriched (with Instant Ocean®) MAP tanks 
also provides confirmation that otolith Sr:Ca, at least in part, reflects the occupation of 
environments with high ambient Sr concentrations. The lack of an obvious decrease in Sr:Ca 
during the approximate timing of the freshwater bath that the MAP Snook were exposed to in 
September, 2010 was contradictory to an environmental source of Sr:Ca. However, this could 
indicate that the groundwater used for the freshwater baths may have been more enriched in Sr 
relative to Ca than typical seawater, resulting in the higher than anticipated Sr:Ca values, despite 
the low salinities (Odum 1951; Kraus and Secor 2004; Limburg 2004). 
 Although several potentially confounding issues were identified for Sr:Ca in the present 
study, its utility as a tracer of salinity is not necessarily invalid. Using Sr:Ca in conjunction with 
other elements or only for specific life stages (e.g., pre-maturation), and with greater knowledge of 
strontium gradients throughout the study area (e.g., understanding the prevalence of Sr-bearing 
groundwater throughout Tampa Bay), the uncertainties associated with otolith Sr:Ca could 
perhaps be mediated. 
 Barium may prove to be a very useful tool for identifying environmental changes 
experienced by Snook. Because salinity was maintained at 33-35 ppt throughout the MAP captive 
period, a stable source of Ba:Ca was available in dissolved form for biological uptake and 
deposition onto otoliths. Many studies have pointed to the reliable use of Ba:Ca as a tracer of 
environmental history (Bath et al. 2000; Wells et al. 2000; Elsdon and Gillanders 2005; Hamilton 
and Warner 2009), and  the stable Ba:Ca values observed in the profiles of captive fish examined 
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in this study highlight the potential value of this element for tracking fish movements in estuarine 
settings in future studies. 
 The assessments of wild Snook otolith elemental profiles in this study provide an 
introduction to the variety, magnitudes, and recurring patterns that occur in this species. The 
elevated Sr:Ca and decreased Ba:Ca observed at the core of many profiles, followed by the 
opposite pattern, likely represents the larval phase during which these individuals made their way 
from the more marine environment (higher Sr:Ca and lower Ba:Ca) and settled into more 
mesohaline juvenile habitats (lower Sr:Ca and higher Ba:Ca). This is consistent with the current 
understanding of an approximately 2.5 week period during which post-hatch larvae are transported 
to or maintained in nearshore waters prior to settling into juvenile habitats (Peters 1998). It is 
important to note, however, that the Sr:Ca and Ba:Ca pattern observed at the core of many 
otoliths does not necessarily indicate a ‘planktonic phase', but could rather reflect a marine 
signature acquired during a non-planktonic larval phase occurring within coastal mangrove fringe 
of the bay, or in other environments with relatively higher salinity. Recent evidence has suggested 
that in at least some areas of the bay, Snook spawning is oriented near vegetated shorelines such 
that eggs and larvae are delivered very closely to suitable juvenile habitats, effectively circumventing 
the potentially lengthy and energy-expensive planktonic transport of late stage larvae (Burghart et 
al. 2014). 
 In many profiles, the Sr:Ca and Ba:Ca pattern observed at the core became inverted 
around the approximate time of  'settlement'. This inversion likely reflects the transition from the 
larval stage spent in a high Sr:Ca and low Ba:Ca environment (whether in a high salinity mangrove 
fringe or a more pelagic or nearshore environment) to the settlement stage characterized by 
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movement to the juvenile habitat, perhaps a lower salinity backwater area with elevated Ba:Ca and 
decreased Sr:Ca. That these patterns were not observed in all of the profiles suggests unique 
experiences and/or habitat conditions for individuals during their early life history, with some 
settling into low salinity habitats, while others appear to have settled in more saline juvenile 
habitats. The use of otolith Ba:Ca and/or Sr:Ca as indicators of the timing and environmental 
conditions of larval settlement has the potential to provide unique insights into the early and 
juvenile life stages of Snook. Such information may be difficult or impossible to acquire otherwise, 
especially for Snook, which are known to be difficult to collect during the larval and/or post-
settlement life stages (Hale and Swearer 2008; Hamilton and Warner 2009). 
 Variability between individuals was also observed in the portion of elemental profiles 
associated with the juvenile period. Within the first several years of an elemental profile, a 
seasonally fluctuating Sr:Ca and/or Ba:Ca profile was observed in nearly one third of the profiles 
examined. Such evident trends could provide a useful indicator of a fish’s occupation of juvenile 
habitats with more dynamic salinity regimes (Sr:Ca) and/or terrigenous and freshwater influence 
(Ba:Ca). Such habitats may include areas that experienced higher salinities, and thus higher levels 
of Sr, during the dry season, or watersheds that have significant reservoirs of barium that are 
released into the watershed on a seasonal basis. Large temporal variations in major ion 
concentrations have been documented within tributaries flowing into Tampa Bay (Pillsbury and 
Byrne 2007). 
 Disentangling the manner in which such fluctuations arise is critical for the accurate 
interpretation of elemental profiles, as these patterns could represent either a stationary fish 
occupying a chemically dynamic habitat, or a mobile fish making seasonal movements between 
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chemically distinct habitats within their broader nursery area. A more thorough understanding of 
the distribution and variability of ambient Sr:Ca and Ba:Ca within specific juvenile habitats will 
likely provide clarification for distinguishing these possibilities. However, consideration of the 
known ecology of the species can certainly provide guidance. 
 Movements of Snook as early as their first winter have been suggested in other studies. For 
example, McMichael et al. (1989) noted a decrease in the presence of juveniles (70-135 mm SL) at 
sampling stations in Tampa Bay during the winter months, followed by the return of individuals 
from the cohort to those stations in subsequent months. Similarly, Peterson and Gilmore (1991), 
working on the east coast of Florida, suggested that juveniles emerge from juvenile habitats when 
they reach the size (100-150 mm SL) at which they are unable to cope with decreased oxygen levels, 
but did not indicate whether or not these fish returned after normoxic conditions were restored. 
Recent evidence based on stable carbon and nitrogen isotopes of tissues strongly suggests that 
juvenile Snook exhibit very high site fidelity and make sequential movements into adjacent 
mesohabitats as they grow larger (Brame et al. in press). This latter example supports a ‘dynamic 
habitat’ interpretation of the Ba:Ca and Sr:Ca fluctuations observed in the juvenile portions of 
Snook otolith elemental profiles, rather than a ‘movement-based’ interpretation. 
 Profiles that did not exhibit fluctuations in Sr:Ca during the initial 1-3 years of life 
indicates that an individual continually occupied a juvenile habitat and that the environment 
experienced little or no change in salinity. Likewise, a relatively stable Ba:Ca profile suggests that 
the fish remained in an environment with either little exposure to barium reservoirs, or physico-
chemical conditions that do not favor the dissolution of barium from particulates upon its release 
from various reservoirs. 
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 Regardless of the source of Sr:Ca and Ba:Ca variation, the stabilization of these elements 
beyond the initial 1-3 years of life may provide an indication of the timing of a more permanent 
transition of Snook between environments. For the profiles which exhibited an obvious 
stabilization or divergence in Sr:Ca and Ba:Ca conditions (approximately one third of those 
examined), there was a good degree of variability in the timing of this transition, again highlighting 
the individually unique movement and habitat use patterns for this species. Most Snook emerged 
within the first year (i.e., more precocious juveniles), while others delayed their emergence until 
the second or third year. 
 Precocious or delayed emergence from juvenile habitats could signal early signs of 
divergence in life history characteristics and/or movement patterns. In general, Snook are known 
to be flexible in their juvenile habitat requirements, occupying oligohaline (e.g., riverine 
backwaters) to euhaline (e.g., mangrove lagoons) salinities, and tolerating a similarly wide range of 
temperatures (12-40 °C) (Gilmore et al. 1983; McMichael et al. 1989; Peters 1998). Juvenile Snook 
have also demonstrated widely ranging sizes-at-age depending on the timing of spawning 
(McMichael et al. 1989), and perhaps the conditions experienced during the early life and post-
settlement periods. Thus, it seems plausible that variations in factors such as the type and 
condition of habitats occupied during the larval and juvenile life stages, timing of settlement in 
and emergence from juvenile habitat, or the occurrence of a post-settlement transitional stage (i.e., 
settle-and-move strategy) could propagate into divergent life history characteristics and/or 
migration patterns in adults (i.e., contingents; Secor 1999). 
 Because adult Snook have demonstrated varied life history patterns (e.g., skipped spawning 
in some individuals), studies seeking to understand habitat usage and movement patterns at early 
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life stages and the implications that these differing patterns may have on adult life history 
characteristics are justified. While more work will improve the utility of Ba:Ca and Sr:Ca as tracers 
of specific habitat occupation, the present study has elucidated the diversity of life histories 
experienced by Snook, particularly for the early and juvenile life stages for which the profiles 
underscored a high degree of plasticity with respect to the timing of life history events and the 
conditions and/or habitats to which they were exposed. Future studies that fortify our knowledge 
of elemental tracers reflecting both environmental (e.g., movements, habitat conditions, etc.) and 
physiological (e.g., reproductive activity, responses to stressful events, etc.), will serve to heighten 
our understanding of Snook. 
 
Conclusions: 
 The use of otolith elemental profiling to reconstruct specific environmental and 
physiological conditions experienced throughout the life histories of Snook has the potential to 
provide unique insights regarding the complex life histories of Snook. Studies that develop our 
understanding of the otolith biomineralization processes occurring in response to specific 
conditions will strengthen research efforts utilizing natural tags, ultimately promoting the 
procurement of life history information that is otherwise difficult to obtain.  
 Insufficient evidence was found to support a relationship between otolith macrostructure 
features (including annuli and checks) and otolith elemental composition, confirming that any 
seasonal patterns observed in elemental profiles are not strictly related to otolith opacity, and 
presumably lowered metabolism. 
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 Significant Sr:Ca variation observed in captive profiles that was inconsistent with the 
constant salinity environment within the MAP tanks provides evidence that other, perhaps 
physiological, factors influenced the deposition of strontium onto Snook otoliths. Thus, caution is 
warranted in the sole use of otolith Sr:Ca for reconstructing salinity experiences of Snook, and 
perhaps other species as well. Florida’s strontium-bearing groundwater inflows could also 
confound interpretations of otolith Sr:Ca, rendering the use of this element as an indicator of 
saline habitat occupation less reliable. In contrast to Sr:Ca, otolith Ba:Ca demonstrated potential 
as a more reliable indicator of exposure to low salinity environments, as fish held in captivity had 
stable Ba:Ca profiles upon exposure to physiological perturbations. In general, future studies that 
are able to simultaneously quantify elemental concentrations of the water and otoliths of fish 
undergoing physiological perturbations will serve clarify the role of ambient elemental 
concentrations on otolith chemistry, regardless of salinity. 
 An elemental marker for known spawning events was not identified in this study. However, 
because of the physiological costs and alterations in blood chemistry associated with gonadal 
maturation (rather than the singular act of spawning), additional studies which more thoroughly 
track maturation stages may be able to identify a suite of elements that can be used to discern the 
reproductive histories of Snook. Moreover, in combination with elemental signatures associated 
with environmental conditions, reconstruction of the movements specifically related to 
reproductive activities will be possible.  
 Significantly elevated Zn:Ca and decreased Fe:Ca were observed in otolith elemental 
profiles of Snook exposed to higher levels of handling stress. From these results, a ‘stress index’ 
was developed (Zn:Fe) and used to track the levels of stress experienced by wild Snook throughout 
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their life histories. For many profiles, the stress index was elevated at various times, yet was 
relatively low for many individuals that survived the 2010 cold event, suggesting that survivors 
were occupying, or were able to move to a thermal refuge during this time. Additional studies that 
enhance our understanding of the propensity for otoliths to record stress responses to life history 
events, coupled with the ability to monitor movements to new habitats and subsequent 
reproductive activity, will likely offer invaluable insights into the ecology of Snook. 
 Application of our current understanding of Ba:Ca and Sr:Ca to wild Snook elemental 
profiles revealed that distinct changes in the environmental conditions occurred for many 
individuals, and it is possible that the variety of patterns observed, particularly during the early life 
and juvenile periods, reflects the plasticity of Snook in their habitat use and general life history 
characteristics. Because the allocation of energy during early life could lead to later divergence in 
life history patterns among individuals of the population, additional knowledge of early life stages 
of Snook could potentially aid in our understanding of irregular or individually unique events, 
such as skipped spawning. As such, the ability to track Snook of very small sizes during their early 
and post-settlement life histories using otolith elemental profiles will likely prove to be a valuable 
complement to other tagging techniques that are currently less suitable for use on this segment of 
the population. 
 The possibility of elemental signals reflecting both the movement of a fish, as well as the 
periodically changing environment that a stationary fish may experience highlights the need for a 
better understanding of the distributions of elements throughout the Tampa Bay estuary. In 
addition, the benefit of the coupled use of artificial tagging methods combined with otolith 
elemental analyses would not only help to ‘ground-truth’ the relationship between fish movements 
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and corresponding otolith elemental deposition, but would also provide an opportunity to relate 
early life and juvenile experiences of Snook with the life history characteristics of adult life stages. 
Such a ‘toolbox’ approach would facilitate a more complete understanding of the full life histories 
of Snook, and the extent to which experiences in the early and juvenile life stages propagate into 
contingent behavior in adult life stages. With continued efforts to refine the use of otolith 
elemental profiles, researchers will be provided with a powerful tool to improve our understanding 
the individual movements and environmental conditions experienced, as well as the physiological 
responses associated with specific life history events. 
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Table 5.1. Life history characteristics observed in the elemental profiles of Common Snook collected from throughout Tampa Bay and 
from two sites in western Puerto Rico (shaded in gray). Category headings refer to a fish’s collection location (LOCATION), standard 
length (SL), age (AGE), opposing Sr:Ca – Ba:Ca pattern observed at the otolith core (CORE), occurrence of seasonal fluctuations in 
Sr:Ca and/or Ba:Ca (SEAS), age of apparent emergence from habitat occupied as a juvenile (EMER), detectable signs of movement (Yes 
or No) for fish previously determined to have migrated (MIGR), increase in stress index beyond the value identified for the ‘more 
stressed’ fish held at the MAP (STRESS >6.2), exposure to the January 2010 cold event in Tampa Bay (COLD 2010), detectable 
increase in stress index during cold event (COLD STRESS), and detectable signs of movement during cold event (COLD MOVE). 
 
SPL # LOCATION SL SEX AGE CORE SEAS EMER MIGR STRESS>6.2 
COLD 
2010 
COLD 
STRESS 
COLD 
MOVE 
#cu01 Courtney Campbell 417 M 3 
   
N X X X 
 
#cu02 Old Tampa Bay 480 U 3 
  
2 
  
X 
  
#cu03 Feather 385 U 2 
        
#cu04 Courtney Campbell 371 M 2 X 
 
1 
 
X 
   
#cu05 Feather 326 U 2 X X 
      
#cu06 MacDill 513 U 4 
   
N X X X 
 
#cu07 MacDill 530 U 4 X X 2 
  
X 
  
#cu08 Picnic 376 M 2 
   
Y X 
   
#cu09 Coquina 364 M 2 X 
       
#cu10 Picnic 350 F 2 
        
#cu11 Picnic 354 M 3 
   
N X X 
  
#cu12 Bayboro 399 M 3 X 
 
1 
  
X 
  
#cu13 Alafia 324 M 2 X X 1 
     
#cu14 Alafia 358 M 2 X 
  
Y X 
   
#cu15 Alafia 368 M 2 X X 
  
X 
   
#cu16 East Hillsborough Bay 346 M 2 X 
 
1 
 
X 
   
#cu17 Little Manatee 355 U 2 X X 
  
X 
   
#cu18 Little Manatee 268 I 2 X X 
      
#cu19 Little Manatee 270 M 2 X 
   
X 
   
#cu20 Cockroach Bay 398 U 4 X X 3 
 
X X 
 
X 
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SPL # LOCATION SL SEX AGE CORE SEAS EMER MIGR STRESS>6.2 
COLD 
2010 
COLD 
STRESS 
COLD 
MOVE 
#cu21 Manatee 373 M 2 
        
#cu22 Braden 393 M 2 
  
1 
     
#cu23 Ft Desoto 380 F 2 
   
N X 
   
#cu24 Perico 393 F 3 
   
N 
 
X 
 
X 
#cu25 Rattlesnake 374 F 3 X 
    
X 
  
#cu26 Rattlesnake 401 M 3 X 
    
X 
  
#cu27 Rattlesnake 402 M 3 
 
X 
  
X X 
 
X 
#cu28 Lower Braden 322 M 2 X 
    
X 
  
#cu29 Perico 416 M 3 
     
X 
  
#cu30 Ft Desoto 305 M 2 
        
#cu31 Lower Manatee 346 F 2 X 
 
1 Y 
    
#cu32 Lower Manatee 340 M 2 
        
#cu33 Ft Desoto 280 U 2 X 
       
#cu34 Southeast bay 325 M 2 X 
   
X 
   
#cu35 Bunces 367 U 3 
    
X X 
  
#cu36 West Old Tampa Bay 392 U 2 X 
   
X 
   
#cu37 Bishops 344 U 2 X 
  
N X 
   
#cu38 East Hillsborough Bay 340 U 2 X 
  
Y X 
   
#cu39 Cockroach Bay 306 U 2 X 
   
X 
   
#cu40 Lower Manatee 415 U 3 
    
X X X 
 
#cu41 Picnic 414 U 2 X 
       
#cu42 Weedon 508 F 5 X X 
   
X 
  
#cu43 Weedon 509 M 5 
   
N X X 
  
#cu44 Weedon 515 F 5 X X 2 
 
X X 
  
#cu51 South Pinellas 473 U 4 X 
    
X 
 
X 
#cu52 Weedon 520 U 4 X X 1 N 
 
X 
  
#cu53 Weedon 404 U 5 
  
3 
  
X 
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SPL # LOCATION SL SEX AGE CORE SEAS EMER MIGR STRESS>6.2 
COLD 
2010 
COLD 
STRESS 
COLD 
MOVE 
#cu54 Lower Manatee 501 U 5 
   
Y X X 
  
#cu55 East Hillsborough Bay 580 F 5 
   
Y 
 
X 
  
#cu57 Tidy N/A F 5 
   
Y 
    
#cu80 Snell N/A U 5 X X 
  
X X X 
 
#cu81 Lower bay N/A U 5 X X 2 
  
X 
  
#cu82 Lower bay N/A U 5 X 
    
X 
  
#cu94 Tidy N/A M 5 X 
  
Y 
    
#cu100 Bunces 540 F 5 X X 1 Y 
 
X 
  
#cu101 Snell N/A U 5 X X 1 N X X 
  
#cu45 Boquilla N/A U 6 X X       
#cu46 Boquilla N/A U 4 X        
#cu47 Boquilla N/A U 3 X        
#cu48 Boquilla N/A U 5 X        
#cu49 Boquilla 378 U 3 X        
#cu50 Boquerón 755 F 9 X X 3      
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Figure 5.1. Sample locations for all wild Snook specimens (n=56), ranging from age 2 to 5, collected from the 2007 cohort within the 
Tampa Bay estuary, Florida between 2009 – 2012. 
Tampa 
Bay. 
Gulf of 
Mexico 
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Figure 5.2. Map of Puerto Rico showing the sample locations for the wild Snook specimens collected from the Boquilla River (n=5) (a) 
and Boquerón Bay (n=1) (b), Puerto Rico in April, 2012.  
a. 
. 
Boquilla
. 
Boquerón 
b. 
. 
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Figure 5.3.  Thin section of a Snook otolith showing the macrostructure features (capture check and annuli) and luminance profile 
corresponding with the captive period at the Mote Aquaculture Park. To quantify opacity for each otolith, luminance profiles (yellow 
dashed line) were generated by calculating mean gray scale values for 15x15µm squares along a transect the length of the captive period 
(from captive check to edge of otolith) within the ablated area.  
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Figure 5.4.  Proportions of otolith elemental profiles from captive Snook that demonstrated either a positive or negative correlation 
(gray bars) or no correlation (red bars) with otolith luminance. For all elements tested, the majority of otolith elemental profiles were 
not correlated with otolith macrostructure features (e.g. annuli). 
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Figure 5.5. Elemental profile for Snook specimen #cu57, showing otolith Sr:Ca, Ba:Ca, and the stress index during the captive period 
at the Mote Marine Aquaculture Park. Timing of capture from the wild (vertical black-dashed line) and annuli (vertical gray shaded 
areas) were validated using otolith macrostructure features, and enabled the chronological interpretation of the captive elemental 
profile. In some cases, Sr:Ca (black line) peaks and/or an increases in the Zn:Fe stress index (gray line) were approximately coincident 
with the timing of known hormone implant injections (black-dotted arrows), as well as fresh, groundwater exposure (blue-dotted arrow) 
for the treatment of a parasite infection in September, 2010. Ba:Ca (red line) remained low and relatively stable throughout the captive 
period. 
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b. 
Figure 5.6. Visualization of the separation between otolith elemental composition of captive Snook exposed to more handling stress 
(red crosses) and less handling stress (blue circles) over 2.5 years of captivity as determined by Canonical Analysis of Principal 
Coordinates of mean otolith Zn:Ca and Fe:Ca (a). Vectors indicate the direction and magnitude of each elemental ratio separating the 
two groups (b).  
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Figure 5.7. Comparison of Fe:Ca and Zn:Ca in pre-captivity (presumable less stress) vs post-captivity (presumably more stressed) fish. 
Error bars indicate standard error. 
171 
 
 
Figure 5.8.  Elemental profile reflecting the life history of wild Snook specimen #cu44. This fish was collected near the Weedon Island 
Preserve (northwestern Tampa Bay) in April, 2012. The higher Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed 
line), followed by the inverse pattern at the approximate time of settlement, may reflect the transition of the larval fish from higher 
salinity waters to a mesohaline environment. Seasonal fluctuations in Ba:Ca are apparent until after the second winter, when the fish 
may have moved to an environment with decreased and less dynamic influxes of barium. Sr:Ca steadily increases over the last three 
years. There is no distinct stress signal (gray line) associated with the 2010 cold event (*). 
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Figure 5.9.  Elemental profile reflecting the life history of wild Snook specimen #cu20. This fish was collected near the Cockroach Bay 
Aquatic Preserve (southeastern Tampa Bay) in May, 2011. Seasonal fluctuations in Ba:Ca (red line) are apparent until after the third 
winter, when the fish may have moved to an environment with decreased and less dynamic influxes of barium. There is no distinct 
stress signal (gray line) associated with the 2010 cold event (*). 
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Figure 5.10.  Elemental profile reflecting the life history of wild Snook specimen #cu07. This fish was collected south of the inter-bay 
peninsula (north-central Tampa Bay) in June, 2011. Sr:Ca (black line) fluctuates over the initial two years until the winter of 2010. 
Ba:Ca (red line) also demonstrates a seasonally dynamic signal, particularly in the summer period leading up to the third winter, after 
which both Ba:Ca and Sr:Ca became relatively stable. There is no distinct stress signal (gray line) associated with the 2010 cold event (*). 
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Figure 5.11.  Elemental profile reflecting the life history of wild Snook specimen #cu04. This fish was collected east of the Courtney 
Campbell Bridge (Old Tampa Bay) in July, 2009. For this fish, the stress index (gray line) is generally high throughout the life of the fish 
(full extent not shown to maintain integrity of the Sr:Ca and Ba:Ca scaling). The lower Ba:Ca (red line) at the core (gray dashed line), 
followed by the inverse pattern at the approximate time of settlement, may reflect the transition of the larval fish from higher salinity 
waters to a mesohaline environment. Post-settlement seasonal fluctuations in Ba:Ca are not apparent, and this fish may have moved to a 
lower, and more stable barium environment early in life, while Sr:Ca steadily increased over the life of the fish. 
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Figure 5.12.  Elemental profile reflecting the life history of wild Snook specimen #cu12. This fish was collected in Bayboro Harbor 
(western Tampa Bay) in November, 2010. The higher Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed line), 
followed by the inverse pattern at the approximate time of settlement, may reflect the transition of the larval fish from higher salinity 
waters to a mesohaline environment. The stabilization of Sr:Ca and Ba:Ca beginning in the first winter may suggest movement to a 
lower, and more stable barium environment, followed by another move just prior to the second winter. For this fish, an increase in the 
stress index (gray line) associated with the 2010 cold event (*) was not observed. 
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Figure 5.13.  Elemental profile reflecting the life history of wild Snook specimen #cu80. This fish was collected near Snell Isle (western 
Tampa Bay) in May, 2012. This fish may have occupied a relatively stable strontium and barium environment throughout its entire life, 
as reflected by little variation in the Sr:Ca (black line) and Ba;Ca (red line) profiles. There is a slight elevation in the stress index (gray 
line) may be associated with the 2010 cold event (*); increases during the larval and juvenile periods may reflect stress experienced 
during those times. Full extent of stress index not shown to maintain integrity of the Sr:Ca and Ba:Ca scaling. 
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Figure 5.14.  Elemental profile reflecting the life history of wild Snook specimen #cu55. This fish was collected in eastern Hillsborough 
Bay in March, 2012. This fish was previously determined to have migrated from the lower region of Tampa Bay, which may be apparent 
in the decreases in Sr:Ca (black line) observed on several occasions throughout the fish’s life. A slightly elevated stress index (gray line) is 
apparent during the juvenile period, and perhaps during the 2010 severe cold event (*), then decreases in subsequent years. 
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Figure 5.15. Elemental profile reflecting the life history of wild Snook specimen #cu51. This fish was collected at the southern tip of 
the Pinellas Peninsula in June, 2011. A large peak in Ba:Ca (red line) during the 2010 cold event may reflect overwintering in a low 
salinity thermal refuge (freshwater spring or groundwater discharge area) during this period. 
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Figure 5.16. Elemental profile reflecting the life history of wild Snook specimen #cu14. This fish was collected at the mouth of the 
Alafia River (Hillsborough Bay) in October, 2009. This fish was previously determined to have migrated from the lower region of 
Tampa Bay, which may be apparent in the decrease in Sr:Ca (black line) observed during this fish’s first winter. Increased stress signals 
(gray line) are associated with changes in Sr:Ca during the first and second winters, and also during the juvenile period, suggesting that 
these may have been stressful periods. 
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Figure 5.17.  Elemental profile reflecting the life history of wild Snook specimen #cu45. This fish was collected at Boquilla River in 
April, 2012. The higher Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed line), followed by the inverse pattern at 
the approximate time of settlement, may reflect the transition of the larval fish from higher salinity waters to a mesohaline 
environment. After initial settlement, Ba:Ca increases and Sr:Ca decreases even more, suggesting movement further into more 
mesohaline and Ba-enriched habitat. Fluctuations in Ba:Ca could be indicative of the occupation of mesohaline habitats that were 
exposed to periodic barium-laden inputs. The gradual increase in Sr:Ca and decrease in Ba:Ca over the life history profile could reflect 
progressively more saline exposure as the fish grows. Peaks in Sr may indicate movement into high salinity area(s) and perhaps spawning 
activity. Unlike other specimens from the Boquilla site, the large Sr:Ca increase at the end of the fish’s life is observed multiple times 
throughout this fish’s life, suggesting repeated, periodic movements into a high salinity environment(s). Stress index is shown with gray 
line. 
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Figure 5.18.  Elemental profile reflecting the life history of wild Snook specimen #cu46. This fish was collected at Boquilla River in 
April, 2012. The higher Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed line), followed by the inverse pattern at 
the approximate time of settlement, may reflect the transition of the larval fish from higher salinity waters to a mesohaline 
environment. After initial settlement, the Ba:Ca and Sr:Ca pattern is enhanced even more, suggesting further movement into 
mesohaline and barium-enriched habitat. Beginning in the first winter, Sr:Ca increased, while Ba:Ca decreased, perhaps reflecting 
movement to a more saline environment. Following this, Sr:Ca and Ba:Ca remained relatively stable until the end of the fish’s life when 
there was a sharp increase in Sr:Ca, suggesting movement into a high salinity environment(s). Stress index is shown with gray line. 
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Figure 5.19. Elemental profile reflecting the life history of wild Snook specimen #cu47. This fish was collected at Boquilla River in 
April, 2012. The elevated Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed line), followed by the inverse pattern at 
the approximate time of settlement, may reflect the transition of the larval fish from higher salinity waters to a mesohaline 
environment. Ba:Ca increased through the first winter, and then decreased steadily over the remainder of the fish’s life. Sr:Ca remained 
relatively stable until a relatively sharp increase in Sr:Ca at the end of the fish’s life, suggesting movement into a more saline 
environment. Stress index is shown with gray line. 
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Figure 5.20.  Elemental profile reflecting the life history of wild Snook specimen #cu48. This fish was collected at Boquilla River in 
April, 2012. The elevated Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed line), followed by the inverse pattern at 
the approximate time of settlement, may reflect the transition of the larval fish from higher salinity waters to a mesohaline 
environment. The Sr:Ca at the core is low, while the Ba:Ca is more elevated relative to other specimens from the Boquilla site, 
suggesting that this fish experienced less saline waters than the other specimens during the larval period. In contrast, the Ba:Ca peaks at 
a much higher level than that of other specimens collected from the Boquilla site, indicating the occupation of mesohaline habitats with 
a larger barium source. Sr:Ca remained relatively stable until a relatively sharp increase, suggesting movement into a higher salinity 
environment towards the end of the fish’s life. Stress index is shown with gray line. 
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Figure 5.21. Elemental profile reflecting the life history of wild Snook specimen #cu49. This fish was collected at Boquilla River in 
April, 2012. The elevated Sr:Ca (black line) and lower Ba:Ca (red line) at the core (gray dashed line), followed by the inverse pattern at 
the approximate time of settlement, may reflect the transition of the larval fish from higher salinity waters to a mesohaline 
environment. Ba:Ca showed a generally decreasing trend over the life of the fish, while Sr:Ca remained relatively stable until a relatively 
sharp increase, suggesting movement into a higher salinity environment towards the end of the fish’s life. Stress index is shown with 
gray line. 
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Figure 5.22.  Elemental profile reflecting the life history of wild Snook specimen #cu50. This fish was collected within Boquerón Bay in 
April, 2012. Sr:Ca (black line) at the core remained relatively stable over the larval-settlement period and demonstrated moderate 
fluctuations through the remainder of the fish’s life. Peaks in Sr:Ca could indicate movement into high salinity environments and 
perhaps spawning activity. The decreased Ba:Ca (red line) at the core, followed by an increase at the approximate time of settlement, 
may be indicative of the transition of larvae from saline waters, followed by settlement into a more barium-enriched, mesohaline 
environment. During each summer period over the first four years, peaks in Ba:Ca could be indicative of continued occupation of 
mesohaline habitats that were exposed barium-laden inputs, and the decrease in Ba:Ca over this period, followed by stabilization, could 
reflect movement to progressively more saline habitat as the fish grew. Ba:Ca increased during the last year, indicating movement back 
to mesohaline habitat where barium was bio-available. Stress index is shown with gray line. 
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Table AA.1:  Red Drum specimens used in otolith elemental analyses. Juvenile samples are shaded 
in grey, sub-adult samples shaded in white. 
 
RED DRUM JUVENILE & ADULT SAMPLES 
 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT 
DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
775 ALAFIA 51 YOY 2008 Dec-08 dry 1 
776 ALAFIA 40 YOY 2008 Nov-08 dry 1 
777 ALAFIA 47 YOY 2008 Nov-08 dry 1 
778 ALAFIA 50 YOY 2008 Nov-08 dry 1 
779 ALAFIA 39 YOY 2008 Nov-08 dry 1 
780 ALAFIA 20 YOY 2008 Dec-08 dry 1 
781 ALAFIA 24 YOY 2008 Dec-08 dry 1 
782 ALAFIA 26 YOY 2008 Dec-08 dry 1 
783 ALAFIA 25 YOY 2008 Dec-08 dry 1 
784 ALAFIA 25 YOY 2008 Dec-08 dry 1 
1319 ALAFIA 20 YOY 2006 Dec-07 dry 1 
1320 ALAFIA 20 YOY 2006 Dec-07 dry 1 
1321 ALAFIA 20 YOY 2006 Dec-07 dry 1 
1322 ALAFIA 42 YOY 2006 Dec-07 dry 1 
1323 ALAFIA 38 YOY 2006 Dec-07 dry 1 
1324 ALAFIA 43 YOY 2006 Dec-07 dry 1 
1325 ALAFIA 35 YOY 2006 Dec-07 dry 1 
931 ALAFIA 35 YOY 2006 Nov-06 dry 6 
932 ALAFIA 41 YOY 2006 Nov-06 dry 6 
933 ALAFIA 39 YOY 2006 Nov-06 dry 6 
934 ALAFIA 40 YOY 2006 Nov-06 dry 6 
935 ALAFIA 44 YOY 2006 Nov-06 dry 6 
104 ARCHIE 37 YOY 2008 Dec-08 dry 12 
105 ARCHIE 61 YOY 2008 Dec-08 dry 12 
106 ARCHIE 57 YOY 2008 Dec-08 dry 12 
107 ARCHIE 63 YOY 2008 Dec-08 dry 12 
108 ARCHIE 53 YOY 2008 Dec-08 dry 12 
101 BISHOP 50 YOY 2008 Dec-08 dry 12 
120 BISHOP 47 YOY 2008 Dec-08 dry 12 
121 BISHOP 57 YOY 2008 Dec-08 dry 12 
122 BISHOP 49 YOY 2008 Dec-08 dry 12 
126 BISHOP 54 YOY 2008 Dec-08 dry 12 
944 BRADEN 47 YOY 2006 Feb-07 dry 3 
945 BRADEN 48 YOY 2006 Feb-07 dry 3 
941 BRADEN 43 YOY 2006 Jan-07 dry 4 
942 BRADEN 52 YOY 2006 Jan-07 dry 4 
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RED DRUM JUVENILE & ADULT SAMPLES 
 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT 
DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
943 BRADEN 52 YOY 2006 Jan-07 dry 4 
237 BRADEN 95 YOY 2008 May-09 dry 8 
296 BRADEN 59 YOY 2008 Feb-09 dry 11 
297 BRADEN 56 YOY 2008 Feb-09 dry 11 
298 BRADEN 50 YOY 2008 Feb-09 dry 11 
299 BRADEN 60 YOY 2008 Feb-09 dry 11 
785 HILLSBOROUGH 53 YOY 2008 Dec-08 dry 5 
786 HILLSBOROUGH 34 YOY 2008 Dec-08 dry 5 
787 HILLSBOROUGH 41 YOY 2008 Dec-08 dry 6 
788 HILLSBOROUGH 51 YOY 2008 Dec-08 dry 6 
789 HILLSBOROUGH 47 YOY 2008 Dec-08 dry 6 
232 HILLSBOROUGH 93 YOY 2008 Mar-09 dry 10 
234 HILLSBOROUGH 87 YOY 2008 Mar-09 dry 10 
292 HILLSBOROUGH 67 YOY 2008 Feb-09 dry 11 
293 HILLSBOROUGH 71 YOY 2008 Feb-09 dry 11 
294 HILLSBOROUGH 58 YOY 2008 Feb-09 dry 11 
295 HILLSBOROUGH 39 YOY 2008 Mar-09 dry 11 
790 
LITTLE 
MANATEE 
58 YOY 2008 Feb-09 dry 4 
791 
LITTLE 
MANATEE 
59 YOY 2008 Feb-09 dry 4 
792 
LITTLE 
MANATEE 
42 YOY 2008 Feb-09 dry 4 
793 
LITTLE 
MANATEE 
62 YOY 2008 Feb-09 dry 4 
794 
LITTLE 
MANATEE 
42 YOY 2008 Feb-09 dry 4 
938 
LITTLE 
MANATEE 
35 YOY 2006 Dec-06 dry 5 
939 
LITTLE 
MANATEE 
31 YOY 2006 Dec-06 dry 5 
940 
LITTLE 
MANATEE 
31 YOY 2006 Dec-06 dry 5 
936 
LITTLE 
MANATEE 
50 YOY 2006 Nov-06 dry 6 
937 
LITTLE 
MANATEE 
49 YOY 2006 Nov-06 dry 6 
277 
LITTLE 
MANATEE 
39 YOY 2008 Jan-09 dry 12 
278 
LITTLE 
MANATEE 
47 YOY 2008 Jan-09 dry 12 
279 
LITTLE 
MANATEE 
55 YOY 2008 Jan-09 dry 12 
280 
LITTLE 
MANATEE 
60 YOY 2008 Jan-09 dry 12 
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RED DRUM JUVENILE & ADULT SAMPLES 
 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT 
DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
286 
LITTLE 
MANATEE 
50 YOY 2008 Jan-09 dry 12 
12 MACDILL 63 YOY 2008 Nov-08 dry 12 
13 MACDILL 72 YOY 2008 Nov-08 dry 12 
14 MACDILL 52 YOY 2008 Nov-08 dry 12 
16 MACDILL 65 YOY 2008 Nov-08 dry 12 
18 MACDILL 63 YOY 2008 Nov-08 dry 12 
287 MCKAY 54 YOY 2008 Feb-09 dry 11 
288 MCKAY 51 YOY 2008 Feb-09 dry 11 
289 MCKAY 41 YOY 2008 Feb-09 dry 11 
291 MCKAY 48 YOY 2008 Feb-09 dry 11 
73 MOBBLY 47 YOY 2008 Dec-08 dry 12 
75 MOBBLY 48 YOY 2008 Dec-08 dry 12 
76 MOBBLY 47 YOY 2008 Dec-08 dry 12 
77 MOBBLY 49 YOY 2008 Dec-08 dry 12 
78 MOBBLY 47 YOY 2008 Dec-08 dry 12 
28 MULLET 48 YOY 2008 Dec-08 dry 11 
29 MULLET 59 YOY 2008 Dec-08 dry 11 
30 MULLET 62 YOY 2008 Dec-08 dry 11 
31 MULLET 64 YOY 2008 Dec-08 dry 11 
114 MULLET 67 YOY 2008 Dec-08 dry 12 
89 NEWMAN 31 YOY 2008 Nov-08 dry 13 
90 NEWMAN 29 YOY 2008 Nov-08 dry 13 
92 NEWMAN 28 YOY 2008 Nov-08 dry 13 
94 NEWMAN 39 YOY 2008 Nov-08 dry 13 
98 NEWMAN 37 YOY 2008 Nov-08 dry 13 
41 PHILLIPPE 47 YOY 2008 Dec-08 dry 11 
43 PHILLIPPE 54 YOY 2008 Dec-08 dry 11 
151 PHILLIPPE 56 YOY 2008 Dec-08 dry 12 
153 PHILLIPPE 41 YOY 2008 Dec-08 dry 12 
154 PHILLIPPE 55 YOY 2008 Dec-08 dry 12 
135 ROCKY 49 YOY 2008 Dec-08 dry 12 
137 ROCKY 55 YOY 2008 Dec-08 dry 12 
139 ROCKY 41 YOY 2008 Dec-08 dry 12 
140 ROCKY 45 YOY 2008 Dec-08 dry 12 
141 ROCKY 39 YOY 2008 Dec-08 dry 12 
62 SWEETWATER 26 YOY 2008 Dec-08 dry 12 
66 SWEETWATER 37 YOY 2008 Dec-08 dry 12 
144 SWEETWATER 36 YOY 2008 Dec-08 dry 12 
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RED DRUM JUVENILE & ADULT SAMPLES 
 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT 
DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
146 SWEETWATER 30 YOY 2008 Dec-08 dry 12 
148 SWEETWATER 33 YOY 2008 Dec-08 dry 12 
21 ALAFIA 411 3 2008 Jul-11 N/A 0 
70 BOCA CIEGA 444 3 2008 Jul-11 N/A 0 
71 BOCA CIEGA 430 3 2008 Jun-11 N/A 0 
72 BOCA CIEGA 421 3 2008 Jun-11 N/A 0 
29 BOCA CIEGA 260 3 2008 Jul-11 N/A 0 
31 BOCA CIEGA 382 3 2008 Jul-11 N/A 0 
52 EAST TB 308 3 2008 Jul-11 N/A 0 
20 EAST TB 322 3 2008 Jun-11 N/A 0 
19 EAST TB 360 3 2008 Jul-11 N/A 0 
16 EAST TB 368 3 2008 Jul-11 N/A 0 
17 EAST TB 398 3 2008 Jul-11 N/A 0 
75 EAST TB 478 3 2008 Jul-11 N/A 0 
53 EAST TB 350 3 2008 Jul-11 N/A 0 
54 EAST TB 405 2 2008 Aug-10 N/A 0 
51 EAST TB 359 2 2008 Aug-10 N/A 0 
48 EAST TB 437 2 2008 Oct-10 N/A 0 
76 EAST TB 459 1 2008 Aug-09 N/A 0 
77 EAST TB 420 1 2008 Sep-09 N/A 0 
78 EAST TB 464 1 2008 Sep-09 N/A 0 
50 EAST TB 410 1 2008 Sep-09 N/A 0 
79 EAST TB 452 1 2008 Sep-09 N/A 0 
47 EAST TB 542 1 2008 Sep-09 N/A 0 
49 EAST TB 492 1 2008 Sep-09 N/A 0 
68 EAST TB 575 1 2008 Sep-09 N/A 0 
18 HILLSBOROUGH 241 1 2008 Sep-09 N/A 0 
57 HILLSBOROUGH 210 1 2008 Sep-09 N/A 0 
55 HILLSBOROUGH 219 1 2008 Sep-09 N/A 0 
56 HILLSBOROUGH 206 1 2008 Sep-09 N/A 0 
22 
LITTLE 
MANATEE 
251 1 2008 Oct-09 N/A 0 
62 LOW TB 334 1 2008 Oct-09 N/A 0 
61 LOW TB 264 1 2008 Oct-09 N/A 0 
24 LOW TB 315 1 2008 Oct-09 N/A 0 
23 LOW TB 313 1 2008 Oct-09 N/A 0 
26 LOW TB 290 1 2008 Nov-09 N/A 0 
25 LOW TB 268 1 2008 Nov-09 N/A 0 
27 LOW TB 321 1 2008 Nov-09 N/A 0 
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RED DRUM JUVENILE & ADULT SAMPLES 
 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT 
DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
59 LOW TB 381 1 2008 Nov-09 N/A 0 
30 LOW TB 409 1 2008 Nov-09 N/A 0 
69 LOW TB 450 1 2008 Dec-09 N/A 0 
80 LOW TB 537 1 2008 Dec-09 N/A 0 
28 MANATEE 244 1 2008 Jan-10 N/A 0 
60 MANATEE 240 1 2008 Jan-10 N/A 0 
58 MANATEE 385 1 2008 Feb-10 N/A 0 
4 OLD TB 566 1 2008 Mar-10 N/A 0 
43 OLD TB 568 1 2008 Mar-10 N/A 0 
3 OLD TB 487 1 2008 Mar-10 N/A 0 
1 OLD TB 568 1 2008 Mar-10 N/A 0 
35 OLD TB 567 1 2008 Mar-10 N/A 0 
36 OLD TB 576 1 2008 Mar-10 N/A 0 
37 OLD TB 547 1 2008 Mar-10 N/A 0 
2 OLD TB 574 1 2008 Mar-10 N/A 0 
38 OLD TB 578 2 2008 Apr-10 N/A 0 
39 OLD TB 549 2 2008 May-10 N/A 0 
40 OLD TB 576 2 2008 May-10 N/A 0 
41 OLD TB 547 2 2008 May-10 N/A 0 
42 OLD TB 556 2 2008 May-10 N/A 0 
7 OLD TB 274 2 2008 May-10 N/A 0 
73 OLD TB 297 2 2008 May-10 N/A 0 
5 OLD TB 296 2 2008 Jun-10 N/A 0 
34 OLD TB 207 2 2008 Jun-10 N/A 0 
74 OLD TB 207 2 2008 Jul-10 N/A 0 
32 OLD TB 361 2 2008 Jul-10 N/A 0 
8 OLD TB 410 2 2008 Aug-10 N/A 0 
33 OLD TB 430 2 2008 Aug-10 N/A 0 
6 OLD TB 445 2 2008 Aug-10 N/A 0 
66 OLD TB 540 2 2008 Sep-10 N/A 0 
67 OLD TB 550 2 2008 Sep-10 N/A 0 
12 WEST TB 249 2 2008 Sep-10 N/A 0 
46 WEST TB 309 2 2008 Oct-10 N/A 0 
10 WEST TB 255 2 2008 Nov-10 N/A 0 
9 WEST TB 283 2 2008 Nov-10 N/A 0 
13 WEST TB 430 2 2008 Nov-10 N/A 0 
11 WEST TB 377 3 2008 Apr-11 N/A 0 
45 WEST TB 397 3 2008 Apr-11 N/A 0 
15 WEST TB 402 3 2008 Aug-11 N/A 0 
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RED DRUM JUVENILE & ADULT SAMPLES 
 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT 
DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
44 WEST TB 337 3 2008 Aug-11 N/A 0 
14 WEST TB 429 3 2008 Aug-11 N/A 0 
63 WEST TB 522 3 2008 Feb-12 N/A 0 
64 WEST TB 543 3 2008 Feb-12 N/A 0 
65 WEST TB 546 3 2008 Feb-12 N/A 0 
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Table AA.2:  Common Snook specimens used in otolith elemental analyses. Juvenile samples are 
shaded in grey, sub-adult samples shaded in white. 
 
SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
811 ANDREWS 43 YOY 2007 Oct-07 wet 2 
814 ANDREWS 56 YOY 2007 Sep-07 wet 3 
1329 ANDREWS 46 YOY 2007 Oct-07 wet 3 
810 ANDREWS 68 YOY 2007 Dec-07 dry 1 
812 ANDREWS 59 YOY 2007 Dec-07 dry 1 
813 ANDREWS 74 YOY 2007 Dec-07 dry 1 
1330 ANDREWS 56 YOY 2007 Nov-07 dry 3 
899 ARCHIE 71 YOY 2007 Sep-07 wet 4 
913 ARCHIE 81 YOY 2007 Sep-07 wet 4 
1203 ARCHIE 39 YOY 2007 Aug-07 wet 55 
1204 ARCHIE 41 YOY 2007 Aug-07 wet 55 
1205 ARCHIE 33 YOY 2007 Aug-07 wet 55 
1228 ARCHIE 110 YOY 2007 Jun-07 wet 57 
1229 ARCHIE 108 YOY 2007 Jun-07 wet 57 
1311 ARCHIE 88 YOY 2006 May-07 dry 1 
1312 ARCHIE 77 YOY 2006 May-07 dry 1 
1240 ARCHIE 96 YOY 2006 Apr-07 dry 3 
1241 ARCHIE 79 YOY 2006 Apr-07 dry 3 
1242 ARCHIE 122 YOY 2006 Apr-07 dry 3 
835 BOOKER 54 YOY 2007 Sep-07 wet 4 
837 BOOKER 42 YOY 2007 Sep-07 wet 4 
839 BOOKER 50 YOY 2007 Sep-07 wet 4 
836 BOOKER 59 YOY 2006 May-07 dry 1 
838 BOOKER 51 YOY 2006 May-07 dry 1 
1309 BOOKER 70 YOY 2006 May-07 dry 1 
1310 BOOKER 90 YOY 2006 May-07 dry 1 
873 BRADEN 24 YOY 2006 Aug-06 wet 1 
874 BRADEN 20 YOY 2006 Aug-06 wet 1 
875 BRADEN 25 YOY 2006 Aug-06 wet 1 
869 BRADEN 59 YOY 2006 Dec-06 dry 1 
870 BRADEN 65 YOY 2006 Dec-06 dry 1 
867 BRADEN 90 YOY 2006 Jan-07 dry 4 
868 BRADEN 89 YOY 2006 Jan-07 dry 4 
890 BRADEN 55 YOY 2006 Jan-07 dry 4 
823 BULLFROG 24 YOY 2007 Oct-07 wet 2 
820 BULLFROG 70 YOY 2006 May-07 dry 1 
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SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
821 BULLFROG 86 YOY 2006 May-07 dry 1 
822 BULLFROG 81 YOY 2006 May-07 dry 1 
824 BULLFROG 70 YOY 2006 May-07 dry 1 
916 CHANNEL A 56 YOY 2007 Sep-07 wet 3 
906 CHANNEL A 45 YOY 2007 Sep-07 wet 4 
1215 CLARK 45 YOY 2007 Sep-07 wet 54 
1217 CLARK 35 YOY 2007 Sep-07 wet 54 
1221 CLARK 36 YOY 2007 Sep-07 wet 54 
1249 CLARK 35 YOY 2007 Aug-07 wet 55 
1233 CLARK 86 YOY 2007 Jun-07 wet 57 
1234 CLARK 89 YOY 2007 Jun-07 wet 57 
1259 CLARK 62 YOY 2006 Apr-07 dry 59 
1260 CLARK 88 YOY 2006 Apr-07 dry 59 
800 COCKROACH 41 YOY 2007 Oct-07 wet 2 
801 COCKROACH 40 YOY 2007 Oct-07 wet 2 
802 COCKROACH 40 YOY 2007 Oct-07 wet 2 
803 COCKROACH 48 YOY 2007 Oct-07 wet 2 
804 COCKROACH 43 YOY 2007 Oct-07 wet 2 
1331 COCKROACH 39 YOY 2007 Oct-07 wet 2 
1332 COCKROACH 35 YOY 2007 Oct-07 wet 2 
1333 COCKROACH 37 YOY 2007 Oct-07 wet 2 
1247 COWEN 27 YOY 2007 Sep-07 wet 54 
897 DELANEY 39 YOY 2007 Sep-07 wet 4 
805 DREADLOCK 46 YOY 2007 Sep-07 wet 4 
806 DREADLOCK 38 YOY 2007 Sep-07 wet 4 
901 DREADLOCK 35 YOY 2007 Sep-07 wet 4 
902 DREADLOCK 37 YOY 2007 Sep-07 wet 4 
903 DREADLOCK 36 YOY 2007 Sep-07 wet 4 
1334 DREADLOCK 34 YOY 2007 Sep-07 wet 4 
1335 DREADLOCK 31 YOY 2007 Sep-07 wet 4 
1336 DREADLOCK 35 YOY 2007 Sep-07 wet 4 
807 DREADLOCK 51 YOY 2006 May-07 dry 1 
808 DREADLOCK 55 YOY 2006 May-07 dry 1 
1337 DREADLOCK 59 YOY 2006 May-07 dry 1 
809 DREADLOCK 55 YOY 2006 May-07 dry 3 
918 DREADLOCK 56 YOY 2008 Nov-08 dry 26 
919 DREADLOCK 56 YOY 2008 Nov-08 dry 26 
920 DREADLOCK 56 YOY 2008 Nov-08 dry 26 
921 DREADLOCK 56 YOY 2008 Nov-08 dry 26 
213 
 
SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
876 FROG 86 YOY 2007 Nov-07 dry 1 
878 FROG 90 YOY 2007 Nov-07 dry 1 
879 FROG 82 YOY 2007 Nov-07 dry 1 
880 FROG 87 YOY 2007 Nov-07 dry 1 
882 FROG 69 YOY 2007 Nov-07 dry 1 
883 FROG 64 YOY 2007 Nov-07 dry 1 
885 FROG 67 YOY 2007 Feb-08 dry 10 
896 HILLSBOROUGH 37 YOY 2007 Sep-07 wet 4 
910 HILLSBOROUGH 24 YOY 2007 Sep-07 wet 4 
911 HILLSBOROUGH 23 YOY 2007 Sep-07 wet 4 
861 
LITTLE 
MANATEE 
42 YOY 2007 Oct-07 wet 3 
862 
LITTLE 
MANATEE 
47 YOY 2007 Oct-07 wet 3 
860 
LITTLE 
MANATEE 
21 YOY 2007 Sep-07 wet 4 
863 
LITTLE 
MANATEE 
20 YOY 2007 Sep-07 wet 4 
864 
LITTLE 
MANATEE 
20 YOY 2007 Sep-07 wet 4 
865 
LITTLE 
MANATEE 
62 YOY 2006 May-07 dry 1 
928 
LITTLE 
MANATEE 
63 YOY 2006 Apr-07 dry 1 
929 
LITTLE 
MANATEE 
61 YOY 2006 Apr-07 dry 1 
930 
LITTLE 
MANATEE 
59 YOY 2006 Apr-07 dry 1 
946 
LITTLE 
MANATEE 
55 YOY 2006 Apr-07 dry 1 
947 
LITTLE 
MANATEE 
59 YOY 2006 Apr-07 dry 1 
948 
LITTLE 
MANATEE 
46 YOY 2006 Apr-07 dry 1 
922 
LITTLE 
MANATEE 
75 YOY 2006 Nov-06 dry 6 
923 
LITTLE 
MANATEE 
88 YOY 2006 Nov-06 dry 6 
924 
LITTLE 
MANATEE 
49 YOY 2006 Nov-06 dry 6 
925 
LITTLE 
MANATEE 
53 YOY 2006 Nov-06 dry 6 
926 
LITTLE 
MANATEE 
51 YOY 2006 Nov-06 dry 6 
927 
LITTLE 
MANATEE 
58 YOY 2006 Nov-06 dry 6 
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SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
8 
LITTLE 
MANATEE 
54 YOY 2008 Dec-08 dry 11 
9 
LITTLE 
MANATEE 
38 YOY 2008 Dec-08 dry 11 
10 
LITTLE 
MANATEE 
42 YOY 2008 Dec-08 dry 11 
11 
LITTLE 
MANATEE 
37 YOY 2008 Dec-08 dry 11 
268 
LITTLE 
MANATEE 
35 YOY 2008 Dec-08 dry 13 
270 
LITTLE 
MANATEE 
31 YOY 2008 Dec-08 dry 13 
905 MOCCOSIN 21 YOY 2007 Sep-07 wet 3 
915 MULLET 48 YOY 2007 Sep-07 wet 4 
858 NEWMAN 47 YOY 2007 Sep-07 wet 4 
859 NEWMAN 45 YOY 2007 Sep-07 wet 4 
894 NEWMAN 31 YOY 2007 Sep-07 wet 4 
895 NEWMAN 30 YOY 2007 Sep-07 wet 4 
855 NEWMAN 45 YOY 2006 May-07 dry 1 
856 NEWMAN 46 YOY 2006 May-07 dry 1 
857 NEWMAN 49 YOY 2006 May-07 dry 1 
1308 NEWMAN 59 YOY 2006 May-07 dry 1 
253 NEWMAN 39 YOY 2008 Nov-08 dry 14 
256 NEWMAN 39 YOY 2008 Nov-08 dry 14 
259 NEWMAN 38 YOY 2008 Nov-08 dry 14 
260 NEWMAN 38 YOY 2008 Nov-08 dry 14 
261 NEWMAN 38 YOY 2008 Nov-08 dry 14 
262 NEWMAN 38 YOY 2008 Nov-08 dry 14 
893 PALMA SOLA 56 YOY 2007 Oct-07 wet 3 
825 PALMA SOLA 83 YOY 2007 Sep-07 wet 4 
826 PALMA SOLA 55 YOY 2007 Sep-07 wet 4 
828 PALMA SOLA 56 YOY 2007 Sep-07 wet 4 
866 PALMA SOLA 52 YOY 2007 Sep-07 wet 4 
892 PALMA SOLA 91 YOY 2007 Sep-07 wet 4 
829 PALMA SOLA 39 YOY 2007 Aug-07 wet 5 
827 PALMA SOLA 53 YOY 2007 Nov-07 dry 1 
799 PEANUT 75 YOY 2007 Jun-07 wet 1 
795 PEANUT 63 YOY 2007 Dec-07 dry 1 
796 PEANUT 70 YOY 2007 Dec-07 dry 1 
797 PEANUT 61 YOY 2007 Dec-07 dry 1 
798 PEANUT 70 YOY 2007 Dec-07 dry 1 
900 PEANUT 77 YOY 2007 Dec-07 dry 1 
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SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
1326 PEANUT 82 YOY 2007 Dec-07 dry 1 
1327 PEANUT 56 YOY 2007 Dec-07 dry 3 
841 PEPPERMOUND 64 YOY 2007 Sep-07 wet 3 
842 PEPPERMOUND 40 YOY 2007 Sep-07 wet 3 
840 PEPPERMOUND 42 YOY 2007 Sep-07 wet 4 
843 PEPPERMOUND 47 YOY 2007 Sep-07 wet 4 
844 PEPPERMOUND 48 YOY 2007 Sep-07 wet 4 
1254 PICNIC 78 YOY 2007 Sep-07 wet 54 
1255 PICNIC 31 YOY 2007 Sep-07 wet 54 
1257 PICNIC 45 YOY 2007 Aug-07 wet 55 
1251 PICNIC 99 YOY 2007 Jun-07 wet 57 
815 PRETZEL 34 YOY 2007 Sep-07 wet 4 
816 PRETZEL 33 YOY 2007 Sep-07 wet 4 
817 PRETZEL 33 YOY 2007 Sep-07 wet 4 
904 PRETZEL 29 YOY 2007 Sep-07 wet 4 
914 PRETZEL 33 YOY 2007 Sep-07 wet 4 
818 PRETZEL 60 YOY 2006 May-07 dry 1 
819 PRETZEL 76 YOY 2006 May-07 dry 1 
1313 PRETZEL 94 YOY 2006 May-07 dry 1 
1314 PRETZEL 88 YOY 2006 May-07 dry 1 
188 PRETZEL 57 YOY 2008 Nov-08 dry 14 
189 PRETZEL 55 YOY 2008 Nov-08 dry 14 
190 PRETZEL 50 YOY 2008 Nov-08 dry 14 
191 PRETZEL 42 YOY 2008 Nov-08 dry 14 
192 PRETZEL 52 YOY 2008 Nov-08 dry 14 
850 ROCKY 40 YOY 2007 Sep-07 wet 4 
851 ROCKY 72 YOY 2007 Sep-07 wet 4 
852 ROCKY 60 YOY 2007 Sep-07 wet 4 
853 ROCKY 70 YOY 2007 Sep-07 wet 4 
854 ROCKY 66 YOY 2007 Sep-07 wet 4 
898 ROCKY 68 YOY 2007 Sep-07 wet 4 
912 ROCKY 71 YOY 2007 Sep-07 wet 4 
891 SALT 25 YOY 2007 Sep-07 wet 4 
848 SWEETWATER 65 YOY 2007 Sep-07 wet 4 
849 SWEETWATER 34 YOY 2007 Sep-07 wet 4 
1307 SWEETWATER 156 YOY 2007 Sep-07 wet 4 
845 SWEETWATER 62 YOY 2006 May-07 dry 1 
846 SWEETWATER 80 YOY 2006 May-07 dry 1 
847 SWEETWATER 140 YOY 2006 May-07 dry 1 
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SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
1306 SWEETWATER 65 YOY 2006 May-07 dry 1 
907 TINNEY 53 YOY 2007 Sep-07 wet 4 
908 TINNEY 70 YOY 2007 Sep-07 wet 4 
1238 TINNEY 51 YOY 2006 May-07 dry 60 
1197 WARES 54 YOY 2007 Sep-07 wet 54 
1198 WARES 56 YOY 2007 Sep-07 wet 54 
1199 WARES 57 YOY 2007 Sep-07 wet 54 
1245 WARES 114 YOY 2007 Jul-07 wet 56 
833 WOOD 37 YOY 2007 Sep-07 wet 4 
834 WOOD 32 YOY 2007 Sep-07 wet 4 
830 WOOD 70 YOY 2006 May-07 dry 1 
831 WOOD 63 YOY 2006 May-07 dry 1 
832 WOOD 61 YOY 2006 May-07 dry 1 
209 WOOD 46 YOY 2008 Dec-08 dry 13 
214 WOOD 43 YOY 2008 Dec-08 dry 13 
216 WOOD 52 YOY 2008 Dec-08 dry 13 
217 WOOD 46 YOY 2008 Dec-08 dry 13 
219 WOOD 39 YOY 2008 Dec-08 dry 13 
220 WOOD 44 YOY 2008 Dec-08 dry 13 
13 ALAFIA 324 2 2007 Aug-09 N/A 0 
14 ALAFIA 358 2 2007 Oct-09 N/A 0 
15 ALAFIA 368 2 2007 Oct-09 N/A 0 
23 BOCA CIEGA 380 2 2007 Sep-09 N/A 0 
30 BOCA CIEGA 305 2 2007 Sep-09 N/A 0 
33 BOCA CIEGA 280 2 2007 Sep-09 N/A 0 
35 BOCA CIEGA 367 3 2007 Sep-10 N/A 0 
100 BOCA CIEGA 540 5 2007 Aug-12 N/A 0 
101 BOCA CIEGA N/A 5 2007 Aug-12 N/A 0 
16 EAST TB 346 2 2007 Aug-09 N/A 0 
38 EAST TB 340 2 2007 Oct-09 N/A 0 
55 EAST TB 580 5 2007 Mar-12 N/A 0 
17 
LITTLE 
MANATEE 
355 2 2007 Jan-10 N/A 0 
18 
LITTLE 
MANATEE 
268 2 2007 Jul-09 N/A 0 
19 
LITTLE 
MANATEE 
270 2 2007 Jun-09 N/A 0 
20 LOW TB 398 4 2007 May-11 N/A 0 
24 LOW TB 393 3 2007 Jul-10 N/A 0 
25 LOW TB 374 3 2007 Jun-10 N/A 0 
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SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
26 LOW TB 401 3 2007 Jun-10 N/A 0 
27 LOW TB 402 3 2007 Jun-10 N/A 0 
29 LOW TB 416 3 2007 Oct-10 N/A 0 
31 LOW TB 346 2 2007 Sep-09 N/A 0 
32 LOW TB 340 2 2007 Sep-09 N/A 0 
34 LOW TB 325 2 2007 Aug-09 N/A 0 
37 LOW TB 344 2 2007 Oct-09 N/A 0 
39 LOW TB 306 2 2007 Apr-09 N/A 0 
40 LOW TB 415 3 2007 Apr-10 N/A 0 
54 LOW TB 501 5 2007 Feb-12 N/A 0 
57 LOW TB N/A 5 2007 May-12 N/A 0 
78 LOW TB N/A 5 2007 Jun-12 N/A 0 
81 LOW TB N/A 5 2007 Jun-12 N/A 0 
82 LOW TB N/A 5 2007 Jun-12 N/A 0 
94 LOW TB N/A 5 2007 Aug-12 N/A 0 
21 MANATEE 373 2 2007 Dec-09 N/A 0 
22 MANATEE 393 2 2007 Dec-09 N/A 0 
28 MANATEE 322 2 2007 Apr-10 N/A 0 
1 OLD TB 417 3 2007 Jun-10 N/A 0 
2 OLD TB 480 3 2007 Dec-10 N/A 0 
3 OLD TB 385 2 2007 Oct-09 N/A 0 
4 OLD TB 371 2 2007 Jul-09 N/A 0 
36 OLD TB 392 2 2007 Sep-09 N/A 0 
6 WEST TB 513 4 2007 Jun-11 N/A 0 
7 WEST TB 530 4 2007 Jun-11 N/A 0 
8 WEST TB 376 2 2007 Nov-09 N/A 0 
9 WEST TB 364 2 2007 Nov-09 N/A 0 
10 WEST TB 350 2 2007 Sep-09 N/A 0 
11 WEST TB 354 3 2007 Jun-10 N/A 0 
12 WEST TB 399 3 2007 Nov-10 N/A 0 
41 WEST TB 414 2 2007 Nov-09 N/A 0 
42 WEST TB 508 5 2007 Apr-12 N/A 0 
43 WEST TB 509 5 2007 Apr-12 N/A 0 
44 WEST TB 515 5 2007 Apr-12 N/A 0 
51 WEST TB 473 4 2007 Jun-11 N/A 0 
52 WEST TB 520 4 2007 Oct-11 N/A 0 
53 WEST TB 404 5 2007 Nov-11 N/A 0 
80 WEST TB N/A 5 2007 May-12 N/A 0 
45 PUERTO RICO N/A 5 2007 Apr-12 N/A 0 
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SNOOK JUVENILE & ADULT SAMPLES 
SAMPLE # 
LOCATION 
COLLECTED 
SL 
(mm) 
AGE COHORT DATE 
COLLECTED 
SEASON 
COLLECTED 
MONTHS 
FROZEN 
46 PUERTO RICO N/A 6 N/A Apr-12 N/A 0 
47 PUERTO RICO N/A 4 N/A Apr-12 N/A 0 
48 PUERTO RICO N/A 3 N/A Apr-12 N/A 0 
49 PUERTO RICO N/A 5 N/A Apr-12 N/A 0 
50 PUERTO RICO N/A 3 N/A Apr-12 N/A 0 
51 PUERTO RICO N/A 9 N/A Apr-12 N/A 0 
56 MOTE AP N/A 14 N/A May-12 N/A 0 
57 MOTE AP N/A 5 N/A May-12 N/A 0 
58 MOTE AP N/A 8 N/A May-12 N/A 0 
59 MOTE AP N/A 7 N/A May-12 N/A 0 
60 MOTE AP N/A 8 N/A May-12 N/A 0 
61 MOTE AP N/A 7 N/A May-12 N/A 0 
62 MOTE AP N/A 6 N/A May-12 N/A 0 
63 MOTE AP N/A 8 N/A May-12 N/A 0 
64 MOTE AP N/A 6 N/A May-12 N/A 0 
65 MOTE AP N/A 6 N/A May-12 N/A 0 
66 MOTE AP N/A 11 N/A May-12 N/A 0 
67 MOTE AP N/A 8 N/A May-12 N/A 0 
69 MOTE AP N/A 6 N/A May-12 N/A 0 
70 MOTE AP N/A 9 N/A May-12 N/A 0 
72 MOTE AP N/A 8 N/A May-12 N/A 0 
83 MOTE AP N/A 6 N/A Jul-12 N/A 0 
84 MOTE AP N/A 88 N/A Jul-12 N/A 0 
85 MOTE AP N/A 6 N/A Jul-12 N/A 0 
86 MOTE AP N/A 10 N/A Jul-12 N/A 0 
87 MOTE AP N/A 9 N/A Jul-12 N/A 0 
88 MOTE AP N/A 10 N/A Jul-12 N/A 0 
89 MOTE AP N/A 9 N/A Jul-12 N/A 0 
90 MOTE AP N/A 8 N/A Jul-12 N/A 0 
91 MOTE AP N/A 7 N/A Jul-12 N/A 0 
92 MOTE AP N/A 8 N/A Jul-12 N/A 0 
93 MOTE AP N/A 15 N/A Jul-12 N/A 0 
94 MOTE AP N/A 5 N/A Aug-12 N/A 0 
95 MOTE AP N/A 8 N/A Aug-12 N/A 0 
96 MOTE AP N/A 8 N/A Aug-12 N/A 0 
97 MOTE AP N/A 6 N/A Aug-12 N/A 0 
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APPENDIX B: 
 
CONFUSION MATRICES FOR TRIBUTARY-SCALE MODELS 
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Table AB.1. Classification of juvenile Red Drum (n=85) to 14 tributary and backwater habitats. Values are percentages with successful 
classifications highlighted in yellow.  
 
 
 
 
 
 
 
 
 
 
 
RED DRUM - TRIBUTARIES:  CONFUSION MATRIX OF CAP CROSS-VALIDATION RESULTS 
 
MacDill Mullet Phillippe Sweet Mobbly Newman Bishop Archie Rocky Hills Braden Lit Man McKay Alafia 
MacDill 60% 0% 0% 0% 0% 0% 0% 0% 40% 0% 0% 0% 0% 0% 
Mullet 0% 60% 20% 0% 0% 0% 0% 0% 0% 20% 0% 0% 0% 0% 
Phillippe 20% 40% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 20% 20% 
Sweetwater 0% 0% 0% 60% 0% 20% 0% 20% 0% 0% 0% 0% 0% 0% 
Mobbly 0% 0% 0% 20% 80% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
Newman 0% 0% 0% 40% 20% 0% 0% 0% 0% 0% 40% 0% 0% 0% 
Bishop 0% 0% 0% 0% 20% 0% 80% 0% 0% 0% 0% 0% 0% 0% 
Archie 0% 0% 0% 0% 20% 0% 0% 80% 0% 0% 0% 0% 0% 0% 
Rocky 0% 20% 0% 0% 0% 0% 0% 0% 60% 0% 20% 0% 0% 0% 
Hills 0% 0% 0% 0% 9% 0% 0% 18% 9% 36% 0% 0% 27% 0% 
Braden 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 60% 20% 0% 20% 
Lit Man 10% 10% 0% 0% 0% 0% 0% 0% 0% 0% 0% 50% 20% 10% 
McKay 0% 0% 0% 0% 0% 0% 0% 0% 0% 25% 0% 0% 75% 0% 
Alafia 0% 0% 10% 0% 0% 10% 0% 0% 10% 0% 10% 30% 0% 30% 
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Table AB.2. Classification of juvenile Common Snook (n=114) to 27 tributary and backwater habitats. Values are percentages with 
successful classifications highlighted in yellow.  
SNOOK - TRIBUTARIES:  CONFUSION MATRIX OF CAP CROSS-VALIDATION RESULTS 
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Peanut 50 0 0 0 0 0 0 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13 0 13 13 0 
Cockroach 0 13 0 0 13 0 0 0 0 0 0 0 13 0 25 0 0 13 0 0 0 0 13 0 0 0 13 
Dreadlock 0 0 63 0 25 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 0 0 0 0 0 0 0 
Andrews 0 14 0 0 14 0 29 0 0 0 0 0 0 0 0 0 0 14 0 0 0 0 0 29 0 0 0 
Pretzel 0 20 20 20 20 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bullfrog 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Palma 13 0 0 0 0 0 13 13 0 0 0 0 13 0 0 25 0 0 0 0 0 13 0 0 13 0 0 
Wood 0 0 0 0 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 50 
Booker 0 0 0 0 0 33 0 0 0 0 0 0 0 33 0 0 33 0 0 0 0 0 0 0 0 0 0 
Pepper 0 0 0 0 0 0 0 0 0 80 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0 0 
Sweet 0 0 0 0 0 33 0 0 0 0 0 0 0 0 0 33 0 0 0 0 0 33 0 0 0 0 0 
Rocky 0 0 0 0 0 0 0 0 0 0 14 71 0 0 0 0 0 0 0 0 0 14 0 0 0 0 0 
Newman 0 25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 25 0 50 0 0 
Lit Man 0 0 0 0 0 20 0 0 0 0 0 0 0 80 0 0 0 0 0 0 0 0 0 0 0 0 0 
Frog 0 0 14 0 0 0 0 0 0 0 0 0 0 0 86 0 0 0 0 0 0 0 0 0 0 0 0 
Archie 0 0 0 0 0 0 14 14 0 14 0 0 0 0 0 0 0 0 0 29 0 0 0 0 14 0 14 
Moccosin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 
Channel A 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 50 0 0 0 0 
Tinney 0 50 0 0 0 0 0 0 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 50 
Hills 0 0 0 0 0 0 0 0 0 0 67 0 0 0 0 0 0 0 0 33 0 0 0 0 0 0 0 
Mullet 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 
Wares 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 75 0 0 0 25 0 
Clark 17 0 0 0 0 0 17 33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 33 0 0 0 
Cowen 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Picnic 50 25 0 0 0 0 0 0 0 0 0 0 25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Salt 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Delaney 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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APPENDIX C: 
 
 
ELEMENT TO CALCIUM RATIOS FOR INDIVIDUAL TRIBUTARIES 
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Figure AC.1:  Mean otolith concentrations (expressed as elemental ratios to calcium) of the elements used to distinguish 14 individual 
tributary and backwater habitats for juvenile Red Drum. Error bars indicate SE. 
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Figure AC.2:  Mean otolith concentrations (expressed as elemental ratios to calcium) of the elements used to distinguish 27 individual 
tributary and backwater habitats for juvenile Common Snook. Error bars indicate SE. 
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